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"The essence lies ••• in a sort of intoxicated joy and 
amazement at the beauty and grandeur of this world, of 
which man can just form a faint notion. It is the 
feeling from which true scientific research draws its 
spiritual sustenance, but which also seems to find 
expression in the song of birds." 
A. Einstein 
"Seh ich die Werke der Meister an, 
So seh ich das, was sie getan; 
Betracht ich meine Siebensachen, 




My greatest thanks go to my advisor, Howard Berg. He has scientific 
insight, te<;:hnical ability, and a warm personality--an all too rare combination. 
My partners in abusing bacteria, Mike Manson, Akira Ishihara, and, most of all, 
Steve Block, provided invaluable aid and ideas. The other members of the lab, 
especially Markus Meister and Pat Conley, also have made important 
contributions. I appreciate the comments and help provided by the members of 
my thesis committee: H. Lester (in whose lab I have always been welcome), 
C. Brokaw, D. Fender, J. Hopfield and M. Simon. Nancy Gill and Kathy 
O'Loughlin were always there to guide me cheerfully through the maze of details 
that is the bane of inhabitants of all ivory towers. Caren Oto willingly typed this 
thesis on amazingly short notice. All in all, I have found Caltech to be a 
beautiful campus filled with people who are interested in helping each other, 
which is a refreshing change from the bureaucracy of Harvard University. 
Theresa Beyer, my fiancee and best friend, made life after lab in the 
Los Angeles area a lot of fun, and drew my attention to the Goethe poem. The 
past and present members of J. Alfred Prufrock House and the J.A.P. eating 
group formed my Los Angeles family. 
Finally, I owe it all to my parents, Edwin and Jo Ann Segall, for giving me 
their love and support from the start. Ed showed me the Einstein quotation. 
I gratefully acknowledge funding by an NSF predoctoral fellowship, an NIH 
training grant, and the Weigle Memorial Fund. 
iv 
ABSTRACT 
Chemotactic responses of the bacterium Escherichia coli were elicited by 
iontophoretic ejection of charged compounds from micropipettes. Responses 
, were measured using cells tethered by a single flagellum and following the 
direction of rotation of the cell body (with cells viewed from above the surface 
to which the flagellum is attached) . Mean response latencies to addition of 
attractant or repellent were 0.1 to 0.2 seconds. Brief pulses of attractants and 
repellents were used to determine the impulse response for chemotaxis. In 
response to a brief pulse of attractant the counterclockwise (CCW) bias (fraction 
of time that the flagellar motor spent rotating CCW) increased rapidly to a peak, 
then fell below the prestimulus value, returning to baseline within 5 seconds--the 
response was biphasic. Repellent impulse responses were similar but inverted. 
The attractant impulse response accurately predicted responses to step changes, 
linear ramp changes and sine wave changes in receptor occupancy. Mutants 
defective in the enzymes responsible for methylation (cheR) and demethylation 
(cheB), which do not adapt to attractant stimuli, gave monophasic impulse 
responses--only the initial peak was evident. Mutants defective in the cheZ gene 
product had responses that were slower than the wild-type by a factor of about 
10. The responses of flagellar motors on filamentous cells also were studied. The 
reversals of two motors on the same cell were not correlated, but fluctuations in 
bias were correlated for motors less than l 0 microns apart. Responses of motors 
of filamentous cells to iontophoretic application of aspartate indicated that the 
internal chemotaxis signal travels about 2 microns in cells lacking the cheR and 
cheB gene products and about 6 microns in cells with a defective cheZ gene 
product. These data are consistent with a simple model involving destruction of 
a cellular chemotaxis signal by the cheZ gene product. 
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INTRODUCTION 
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Bacteria are the simplest free-living organisms that exhibit behavior. 
Through a sophisticated motility system involving about 50 gene products, 
Escherichia coli cells can accumulate in regions containing attractants, and 
avoid repellents (Parkinson, 1981). Taxis is the movement of an organism toward 
or away from a source of stimulation (Weibull, 1960). Although in a strict sense 
bacterial responses are not tactic responses (Diehn et al., 1977) because they do 
not orient themselves in a particular direction (see below), the responses to light, 
oxygen, temperature, and chemicals are usually described as phototaxis, 
aerotaxis, thermotaxis, and chemotaxis. I will follow the majority and use these 
terms to describe bacterial behavior. 
Many species of bacteria can have tactic responses. The utility of such 
behavior for bacteria is easy to understand, but its ecological significance has 
not been directly determined (Chet and Mitchell, 1976; Doetsch and Sjoblad, 
1980). It is likely that tactic behavior is important for two reasons: l) it enables 
cells to move towards sources of nutrients or towards sites which they can 
infect; and 2) tactic cells can leave overpopulated or poisonous regions (Seymour 
and Doetsch, 1973). Theoretical studies suggest that in an inhomogeneous 
environment chemotactic bacteria should be able to compete effectively with 
nonchemotactic strains that would outgrow them in a homogeneous environment 
(Lauffenburger et al., 1982). Indeed, it has been demonstrated that aerotactic 
cells can outgrow nonmotile strains in unstirred cultures, presumably by 
remaining m regions where oxygen levels can support growth (Old and Duguid, 
1970; Smith and Deutsch, 1969). A dramatic example of the ability of 
chemotactic bacteria to follow the nutrient supply is a swarm plate (Hazelbauer 
et al., 1969). This is an agar medium containing nutrients into which a localized 
inoculum of bacteria is made. The bacteria use up the nutrients near them, 
resulting in local gradients of nutrients. The cells then migrate up the gradients, 
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and are seen as outward moving rings. Nonchemotactic cells remain in the 
center, near the original inoculation site. Such a difference in the spread of 
chemotactic and nonchemotactic strains may occur in the wild, since similar 
results have been reported for inoculations of chemotactic and nonchemotactic 
strains of Rhizobium meliloti into soil (Soby and Bergman, 1983). Chemotaxis 
may be important in the infection of the intestine by Vibrio cholerae (Freter 
et al., 1981), and in the infection of the urinary tract by E. coli (Herrmann and 
Burman, 1983). Studies of the ecological significance of tactic behavior by 
bacteria are needed. 
Brief History of Studies of Bacterial Taxis 
Antoni van Leeuwenhoek is credited with the discovery of bacteria 
(Bardell, 1982). His earliest recorded observation of bacteria is a report written 
in 1676 describing an attempt to determine why pepper had such a potent taste. 
He had placed pepper in water for several weeks and upon looking at the solution 
with his microscope, he saw creatures that were "incredibly small." However, 
the main purpose of that report was to explain that the hot taste of peppers was 
due to sharp-pointed microscopic particles that irritated the tongue! A more 
complete description of the types of bacteria found in dental plaque was given in 
1683. 
Later workers, as well as Leeuwenhoek, noted that bacteria would collect 
around food particles or air/water surfaces. More detailed analyses of the tactic 
responses exhibited by a variety of species of bacteria did not start until the 
1880's (for reviews, see Berg, 1975; Weibull, 1960). Engelmann described the 
responses of bacteria to oxygen and light, termed respectively aerotaxis and 
phototaxis. Pfeffer studied the chemotaxis to such items as meat extract, salts, 
sugars, acids, bases, and morphine, using an assay that he developed. Today's 
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version of that assay is called the Pfeffer assay (Adler, 1969; 1973), in which the 
tip of a capillary tube containing a solution of the compound to be tested is 
placed in a bacterial suspension. If the bacteria are attracted to the compound 
in the capillary, they accumulate inside the tube, while if they are repelled, 
, 
fewer bacteria are found inside than enter by random motion. The final type of 
taxis clearly demonstrated was thermotaxis, in which bacteria respond to 
changes in temperature. 
The mechanism that led to accumulation of bacteria in a region containing 
a higher concentration of attractant (or lower concentration of repellent ) was 
thought to be a shock reaction. Upon leaving the region containing the 
attractant, bacteria often stopped swimming and backed up. Thus, cells were 
thought to swim into a region containing attractant, and then not be able to 
leave, leading to a local increase in cell number. Although attractants tended to 
be nutrients and repellents tended to be harmful, there was not a tight 
correlation between the nutritional value of a compound and the tactic response 
to it. It was thought that high salt concentrations might be repellents through an 
osmotic effect. Phototactic responses in Rhodospirillum rubrum were found to 
have a close correlation with photosynthesis and the conclusion drawn was that 
sudden changes in photosynthetic rate produced a tactic response. Quite 
recently it has been learned that the major light-transducing pigments are not 
involved in phototactic responses of Halobacterium halobium. There is a special 
pigment which seems to be responsible only for phototactic responses (Bogolmoni 
and Spudich, 1982) in this species. 
Although staining techniques could demonstrate that dead bacteria had 
flagella (long, helical appendages), Reichert perfected dark field techniques that 
allowed the motion of the flagella of most species to be seen while the bacteria 
were moving. Metzner also carried out comprehensive analyses of the movement 
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of flagella and the correlation with bacterial movement. While it could not be 
determined whether the flagella were rotating or bending (as do eukaryotic 
flagella), most workers believed that movement of the flagella generated the 
propulsive force that produced bacterial motion. With the advent of the electron 
microscope, bacterial flagella were found to be much smaller than eukaryotic 
flagella (l 0-20 nm compared to 200nm; Lowy and Hanson, 1965). The structure 
of the filament is much simpler--it contains only one type of protein and appears 
to be a simple tube, shaped as a three-dimensional helix. 
In 1966, Julius Adler initiated the modern era of studies of bacterial 
chemotaxis (Adler, 1966). Although ear lier workers had worked on many 
different species, he selected E. coli as the bacterium to study because of the 
large amount of biochemical and genetic information that was available for this 
organism. This proved to be a wise choice. Today over 10 groups are studying in 
detail the physiology, genetics, and biochemistry of tactic responses of E. coli 
. 
and Salmonella typhimurium (which has very similar physiology and behavior). In 
addition, other groups are studying bacteria such as Bacillus subtilis, H. 
halobium, Caulobacter cresentia, and Spirochaetia aurantia, and comparing their 
responses to those exhibited by E. coli and S. typhimurium. My work has 
concentrated exclusively on E. coli and unless otherwise stated I will be 
discussing results from studies on E. coli or S. typhimurium. 
Swimming Behavior of E. coli 
E. coli is a single-celled bacterium with a diameter of 0.5-1 \lm and length 
of 1.5-3 \lm, depending on growth rate (Trueba and Woldringh, 1980). It is a gram 
negative bacterium, having (from the outside in) an outer membrane, a cell wall 
(also called the peptidoglycan layer) with periplasmic space, and finally a 
cytoplasmic membrane. It is peritrichously flagellated, with 5-8 flagella arising 
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at random points on the cytoplasmic membrane and passing through the wall and 
outer membrane (Iino, 1977). Flagella are about 15 microns long (Silverman, 
1980). The average E. coli spends about half its lifetime in the colon, and the 
other half in the soil (Savageau, 1983). Although most isolates of E.coli from the 
intestine are motile (Koch, 1971), it is not known whether taxis is important in 
both habitats or not. Cells swimming in a simple buffer and salts solution exhibit 
two alternating modes of motion. These consist of a period of forward motion 
lasting about one second, called a run, followed by a period of uncoordinated 
motion lasting about 0.1 sec, called a tumble or twiddle (Berg and Brown, 1972; 
Berg and Brown, 1974). The tumble randomly reorients the direction of the next 
run. During a run the f lagellar filaments come together to form a bundle which 
drives the cell forward. The bundle then flies apart and the filaments are 
isolated during a tumble (Macnab and Koshland, 1974). This continuous series of 
runs alternating with tumbles generates a three-dimensional random walk. The 
distributions of run and tumble lengths are exponential. 
When a cell swims in a spatial concentration gradient of attractant, runs 
that carry it up the gradient are lengthened, while runs that carry it down the 
gradient are not. This imposes a bias upon the random walk (Berg and Brown, 
l 972; Berg and Brown, 1974) and the net motion is up the gradient. Note that 
this is a different response from the shock reaction described in earlier studies -
in them one might say that runs down the gradient were seen to be shortened. 
The mechanism that a cell uses to determine if it is swimming up an 
attractant gradient involves a temporal comparison (Macnab and Koshland, 1972; 
Brown and Berg, 1974). Rapid mixing of cells with a high concentration of 
attractant causes the cells to swim in one uninterrupted run lasting as long as 
300 seconds, depending on the concentration change (Spudich and Koshland, 
1975). Removal of attractant or addition of repellent causes a short period of 
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tumbling. Cells respond to changes in concentration by increasing the length of 
runs or tumbles, but with time they also adapt, returning to the run and tumble 
lengths that occurred before the addition of attractant or repellent. 
The response of a single f lagellar motor to stimuli can also be studied. The 
flagellar motor is a true rotary motor (Berg and Anderson, l 973; Silverman and 
Simon, 1974), powered by the protonmotive force (Larsen et al., l 974a; Manson 
et al., 1977). Using antibody to the flagellar filament, a single filament can be 
attached to a glass coverslip, and the rotation of the flagellar motor then results 
in rotation of the cell body instead (Silverman and Simon, 1974)! Cells tethered 
in this fashion rotate alternately clockwise (CW) and counterclockwise (CCW) 
with mean intervals of about 1 sec for either direction of rotation (Berg and 
Tedesco, l 975). Addition of attractant or removal of repellent produces 
continuous CCW rotation (Larsen et al., l 974b), when viewed such that the cell 
body is between the observer and the coverslip to which the filament is 
attached. Removal of attractant or addition of repellent produces CW 
rotation. Rotation returns to the prestimulated mode with a time course similar 
to that seen with adaptation of swimming cells. Adaptation to addition of large 
concentrations of attractant takes as long as five to ten minutes, and adaptation 
to removal of attractant occurs in under 20 seconds. Therefore CCW rotation of 
the flagella generates a run, while CW rotation generates tumbles. This is 
consistent with the left-handed helicity of the flagellar filament. CCW rotation 
of the flagella forces liquid away from the cell body. This enhances the 
formation of a bundle (Anderson, 197 5; Macnab, 1977). CW rota ti on causes 
jamming of the bundle and even changes the waveform of the filament, resulting 
in the erratic movement characteristic of a tumble (Macnab and Ornston, 1977). 
The responses of swimming cells in competition experiments, their ability 
to respond to nonmetabolizable analogues of attractants, and the isolation of 
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mutants defective in responses to classes of compounds all suggest that the 
measurement of external attractant concentration utilizes binding to a receptor 
(Adler, 1969). Motion of swimming cells up a preformed attractant gradient 
(Dahlquist et al., 1976) and sensitivity measurements using Pfeffer assays 
(Mesibov et al., 1973) show a hyperbolic dependence on changes m 
concentration. The effects on mean run length of enzymatically generated 
increases in attractant concentration were best fit by the rate of change of 
receptor occupancy (Brown and Berg, 1974). Finally, the adaptation times of 
swimming and tethered cells could be interpreted as being proportional to the 
change in fraction of receptor binding attractant (Berg and Tedesco, 197 5; 
Spudich and Kosh land, 197 5). 
Genetics 
The study of mutants has been an important method for analyzing the 
mechanisms of bacterial chemotaxis. The types of defects that occur give clues 
as to the function of proteins in generating chemotactic responses. The loss of a 
biochemical activity such as binding or enzymatic reaction in a particular 
mutant suggests that the activity is necessary for proper chemotactic behavior. 
There are three categories of mutations based on the extent of the defect in 
chemotactic ability. 
First, there are mutants defective in the response to a particular compound 
(usually a sugar) and. its analogues (Hazelbauer et al., 1969). Such mutants often 
have a defect in the periplasmic binding protein involved in transport of the 
sugar (Hazelbauer and Adler, 1971; Adler et al., 197 3). Thus the binding proteins 
are involved in two systems--the transport system and chemotactic responses. In 
the case of sugars transported by the phosphotransf erase (PTS) system (such as 
glucose, mannitol, and D-glucosamine), the binding proteins have specific 
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proteins to which they, in turn, must bind for both transport and chemotaxis to 
occur (Adler and Epstein, 1974). Therefore, transport may be required for the 
chemotactic response to these sugars (Pecher et al., 1982). The responses to the 
non-PTS sugars maltose, ribose and galactose do not require other components of 
their respective transport systems. Responses to oxygen and other electron 
receptors require electron transport and are mediated by cytochrome oxidases 
(Laszlo and Taylor, 1981). 
The second type of mutant is defective in responses to a group of 
structurally unrelated compounds. Such pleiotropic taxis mutants (Reader et al., 
1979) have a defect in one of three cytoplasmic membrane proteins of molecular 
weight (MW) about 60,000 daltons. These proteins represent a stage at which the 
processing of responses to different compounds converges. One protein mediates 
responses to ribose and galactose via their binding proteins and is called the trg 
protein (taxis to ribose and galactose) (Ordal and Adler, 1974; Kondoh, Ball and 
Adler, 1979). A second protein is the asparta te receptor, binds the maltose 
binding protein, and also mediates the response to the repellents Co and Ni; it is 
called the tar protein (taxis to aspartate and repellents) (Reader et al., 1979). 
The final protein binds serine and also mediates the responses to the repellents 
leucine and indole; it is called the tsr protein (taxis to serine and repellents) 
(Parkinson, 1975). These proteins can bind amino acid attractants directly, 
might bind the repellents, and interact with sugar binding proteins to mediate 
the responses to particular sugars not transported by the PTS system. 
The tar and tsr proteins are also sensitive to several other types of 
stimuli. They produce responses to changes in temperature (Mizuno and Imae, 
1984; Maeda and Imae, 1977). Weak acids and bases generate chemotactic 
responses by altering the internal pH, which is sensed by these proteins (Repaske 
and Adler, 1981; Kihara and Macnab, 1981; Slonczewski et al., 1982). Glycerol is 
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a repellent that may interact with the cytoplasmic membrane in such a way that 
the trg, tsr and tar proteins all are involved in generating the response (Oosawa 
and Imae, 1983). 
Finally, there are mutants that are not chemotactic to any compounds. 
Such generally nonchemotactic mutants are designated che mutants (Armstrong 
and Adler, 1969), with a letter specifying a particular gene. There are about 
eight che genes--A,B,C,R, V, W, Y, and Z (for a review see Parkinson, 1981 ). 
These mutants have an altered direction of rotation of the flagellar motor--che 
A,R,W,Y have excessive CCW rotation, Band Z are CW biased. CheC and V can 
have altered bias in either direction and are also important in the construction of 
the flagellar motor. Some che mutants can still respond to attractants and 
repellents, but often with increased thresholds. The alteration in direction of 
rotation alone will seriously affect the running and tumbling behavior and thus 
reduce the ability of swimming cells to migrate up an attractant gradient. The 
cheA gene codes for two proteins, which are identical except that the smaller 
product is missing the N-terminal portion of the larger protein. 
The localization and physical interactions of some of the che gene products 
have been studied. Localization was done by fractionating cells and measuring 
the amount of each protein in the various fractions (Ridgway et al., 1977). The 
cheY and W proteins and the smaller cheA protein were found only in the 
cytoplasmic fraction. The cheB, R, and Z proteins, and the larger cheA protein 
were found in both inner membrane and cytoplasmic fractions. The tsr and tar 
proteins were found only in the inner membrane fraction. Crosslinking studies 
with a cleavable crosslinker (Chelsky and Dahlquist, l 980a) suggest that the 
cheW, B, and Z proteins form complexes with other proteins, possibly with each 
other. An alternative method for studying interactions is to look for suppression 
of mutations in one gene by mutations in a second gene. CheZ and Y mutations 
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can be suppressed by mutations in cheC or V (Parkinson and Parker, 1979; 
Parkinson et al., 1983). Complementation studies suggest that cheZ may also 
interact with cheB, and cheY with cheR (Parkinson, 1978; Defranco et al., 
1979). From these data it has been suggested that the cheC and V proteins form 
a switch complex on the flagellum that determines the direction of rotation, and 
that the cheY and Z proteins can bind to this switch to produce CW and CCW 
rotation, respectively (Parkinson et al., 1981). 
Biochemistry 
The major biochemical reaction known to be important in bacterial 
chemotaxis is methylation (Kort et al., 1975). The tar, trg and tsr proteins are 
specifically methylated by the cheR gene product (Springer and Koshland, 1977) 
at glutamic acid residues (Kleene et al., 1977; van der Werf and Koshland, 1977) 
with S-adenosylmethionine as the methyl donor (Armstrong, 1972; Aswad and 
Koshland, 197 5). The cheB gene product catalyzes the demethy la ti on of these 
residues (Stock and Kosh land, 1978; Snyder and Koshland, 1981 ), releasing 
methanol (Toews and Adler, 1979). The tar, trg and tsr proteins are also termed 
MCP's (methyl-accepting chemotaxis proteins, Kort et al., 1975). Methylation of 
a particular MCP is strongly correlated with adaptation to the responses 
mediated by that protein (Goy et al., 1977). Thus addition of aspartate causes 
methylation of the tar protein with a time course similar to the time course of 
adaptation (Springer et al., 1977). The net result is that tar has increased 
methylation while methylation of the other MCP's does not change. Addition of 
Ni or Co produces specific demethylation of tar. The same holds true for 
methylation of tsr and trg (Kondoh et al., 1979) and adaptation to the compounds 
whose responses require those proteins. 
12 
The MCP's are multiply methylated (Boyd and Simon, 1980; Chelsky and 
Dahlquist, l 980b; Defranco and Koshland, 1980; Engstrom and Hazelbauer, 
1980). Methylation occurs on two tryptic peptides (Chelsky and Dahlquist, 1981; 
Kehry and Dahlquist, l 982a). In cells adapted to buffer there is a basal level of 
1-2 methyl groups per molecule. Repellents can reduce this level by 50% while 
cells adapted to attractants can have 3 to 4 times as many (Stock and Koshland, 
1981 ). 
A second reaction catalyzed by the cheB gene product (Hazelbauer and 
Engstrom, 1981; Sherris and Parkinson, 1981) is deamida ti on of glutamines on 
newly synthesized MCP's, which converts those residues to glutamic acids which 
then can be methylated (Kehry et al., 1983). Indeed, this modification appears to 
be required in order for some residues that are originally glutamic acid residues 
to be methylated (Kehry and Dahlquist, l 982b). CheB modification is stimulated 
by repellents and may allow some adaptation to repellent stimuli in cheR 
mutants (Rollins and Dahlquist, 1981; Stock et al., 1981). 
Strains carrying a mutation in the cheR gene have motors with a strong 
CCW bias and reduced levels of methylation of their MCP's (Rollins and 
Dahlquist, 1980; Silverman and Simon, 1977). Addition of repellent can produce 
CW rotation (Parkinson and Revello, 1978; Goy, Springer and Adler, 1978). 
Motors of strains carrying a mutation in the cheB gene have a strong CW bias, 
and addition of high levels of attractant will produce CC W rota ti on (Y oneka wa 
et al., 1983). This information combined with the correlation of methylation 
with adaptation implies that a comparison of the concentration of a particular 
compound with the level of methylation of the MCP's determines the direction of 
rotation of the flagellar motor (Boyd and Simon, 1982). This comparison is most 
likely done by each MCP molecule--binding of attractant could cause the MCP to 
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send a signal to the flagellar motors to rotate CCW while methylation would 
block the sending of that signal. 
Simultaneous addition of attractant and repellent stimuli to wild-type cells 
produces a motor response consistent with summation of the individual 
responses, even if the attractant and repellent are processed by different MCP's 
(Berg and Tedesco, 1975; Tsang et al., 1973; Adler and Tso, 1974). This suggests 
that the signal sent to the motor is the sum of the states of all the MCP's. The 
signal does not depend on methylation because cheRcheB double mutants still 
respond to attractants (Sherris and Parkinson, 1981). 
This signal also controls to some extent the rates of methylation and 
demethylation catalyzed by the cheR and cheB gene products. Under steady 
state conditions the methyl groups on the MCP's turn over and this turnover is 
reflected in the release of methanol. Addition of an attractant whose response 
is mediated by a single MCP such as aspartate will block the demethylation of all 
MCP's until the cells have adapted (Toews et al., 1979). This suggests that there 
is an effect on cheB me thy lesterase activity by the signal. However, turnover 
rates have returned to normal in an adapted cell when the signal has returned to 
its original level (Springer et al., 1982), while the methylation level of the 
appropriate MCP remains increased (Goy et al., 1977). This means that there 
must also be a structural change in the MCP when it binds attractant that makes 
the MCP more susceptible to methylation (Hayashi et al., 1982; Kleene et al., 
l 979). 
The DNA sequences of the MCP's have been determined, and there are 
strong homologies among them (Boyd et al., 1983; Krikos et al., 1983; Russo and 
Koshland, 1983). All have an N-terminal hydrophobic amino acid sequence which 
may be an uncleaved signal sequence, followed by a long hydrophilic region which 
is different for each molecule. Then there is a stretch of hydrophobic amino 
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acids which is long enough to span the membrane once as an alpha helix. Past 
this putative membrane spanning sequence is a very long region whose amino 
acid sequence is highly conserved among the MCP's. It includes the two 
methylated regions and a sequence between them 40 amino acids long that is 
98% identical in all three MCP's. Each methylated glutamic acid residue is next 
to a second unmethylated glutamic acid residue. There is a fourth MCP of 
unknown function whose gene was found next to that coding for tar; it is called 
tap for taxis associated protein (Boyd et al., 1981; Wang et al., 1982). This gene 
does not appear to be necessary for chemotaxis and it has not been implicated in 
any known response. 
It is generally believed that the MCP's are oriented with the N-terminal 
hydrophilic region in the periplasmic space, where the binding to attractants, 
binding proteins, and repellents that is specific to each MCP type can occur. 
The C-terminal end, which is highly conserved and methylated by the 
cytoplasmic enzymes cheR and cheB probably lies in the cytoplasm (Boyd et al., 
1982; Wang and Koshland, 1980) and is very likely involved in the control of the 
direction of rotation of the flagellar motors. 
Coupling of Receptors to Flagella 
The nature of the signal sent to the flagella in E. coli when receptor binds 
attractant is a complete mystery. It is clear that metabolism is only involved in 
the responses to electron acceptors such as oxygen (Taylor, 1983). The responses 
to attractants such as sugars, aspartate and serine do not require their 
metabolism (Adler, 1969). As noted above, it appears that summation of signals 
sent by different MCP's occurs. But it is not even clear that the responses to 
PTS sugars utilize the same signals as the responses mediated by the MCP's. It 
could be that several different compounds can affect the motor and its direction 
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of rotation ts determined by the relative concentrations of all of these 
compounds. 
Some proposed messengers include membrane potential (Szmelcman and 
Adler, 1976), divalent cations (Ordal, 1977), cGMP (Black et al., 1980), cAMP 
(Black et al. , 1983) and ion fluxes across the cytoplasmic membrane (Kosowar, 
1983; Eisenbach et al., 1983; Szmelcman and Adler, 1976). lt is unlikely that 
membrane potential per se mediates the chemotactic response although changes 
in the membrane potential can affect the direction of rotation of the motor 
(Miller and Koshland, 1977; Snyder et al., 1981; Margolin and Eisenbach, 
submitted) . The responses to oxygen and blue light may be due to changes in 
protonmotive force (Taylor, 1983; Khan and Macnab, 1980). ln S. aurantia 
membrane potential may be involved in chemotactic signalling, because clamping 
the membrane potential does affect chemotactic responses (Goulbourne and 
Greenberg, 1981; 1983). In B. subtilis there is evidence that Ca or Mg 
concentrations may affect the direction of rotation of the motor (Ordal, 1977), 
but this is unlikely to be true for E. coli (Snyder et al., 1981). lni tial results 
suggesting that cGMP levels change in response to chemotactic stimuli could not 
be reproduced (Black et al., 1983). There is some evidence that adenyl cyclase 
may be involved in the response to PTS sugars, but is definitely not involved in 
the response to aspartate (Black et al., 1983). There is evidence that arsenate 
blocks the ability of the motor to generate tumbles, due to lowering the levels of 
ATP or a metabolite of ATP (Shioi et al., 1982; Arai, 1981; Kondoh, 1980). 
A Brief Summary 
Text-figure summarizes the information presented in this introduction. 
There are several types of receptor systems--those involving PTS sugars, 
electron acceptors, and MCP's. The MCP system is the best characterized. ln 
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that system binding of attractant to an MCP or to a receptor which then binds to 
an MCP initiates a change in direction of flagellar rotation, probably through a 
change in the concentration of an intracellular compound. At the same time 
there is a slow increase in the level of methylation of the appropriate MCP . 
. 
There are interactions of the cheY and cheZ proteins that could be involved in 
either sending the signal to the flagellar motor and/or controlling the rate of 
methylation. Methylation probably is involved in returning the bias of the 
f lagellar motor to the unstimulated level by returning the level of the 
intracellular compound to the unstimulated level. Methylation is not involved in 
adaptation to PTS sugars or oxygen (Niwano and Taylor, 1982). 
My Work 
At the time when calcium and membrane potential had been suggested as 
possible intracellular signals, Howard conceived of making a very long E. coli 
cell, stimulating one end, and seeing if the other end of the cell received the 
signal. Any membrane potential or action potential type of signal should rapidly 
reach the other end. His belief was that some type of long range signalling 
system did exist and would be revealed by this experiment. Observations of 
Spirillum volutans, which has tufts of flagella at both ends, showed that the 
reversals of direction of rotation of the two ends were coordinated to within 
60 msec (Krieg et al., 1967). Since S. volutans cells are 20-50 microns long, a 
chemical messenger diffusing from one end to the other would take 0.2 sec or 
longer--possibly too slow. Thus if E. coli had a similar signalling system, long 
filamentous cells of E. coli could have long-range coupling. 
Two technologies had to be developed for this experiment: l) growing long 
filamentous cells and attaching markers to the flagellar motors so that the 
directions of rotation could be followed, and 2) a stimulation system that would 
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Text-figure 1. Summary of bacterial chemotaxis system. 
This is a simplified summary of the information given in the Introduction. 
The outer membrane and cell wall are drawn as a thick outer shell with pores for 
diffusion of compounds of small molecular weight (e.g., aspartate and serine). 
The cytoplasmic membrane is drawn as a thin line with methyl-accepting 
chemotaxis proteins (MC P's: tar, tsr, and trg), flagellar motor, the sugar 
phosphotransf erase system (PTS), and protonmotive force (PMF) system 
embedded in it. Binding proteins for maltose (MBP), ribose (RBP), and galactose 
(GBP) are drawn in the periplasmic space. Details of the PTS and PMF systems 
are not included. The MCP's are drawn with some methyl (CH3) groups 
attached. Addition of methyl groups is catalyzed by the cheR gene product (R) 
from S-adenosylmethionine (SAM). Removal of methyl groups from the MCP's is 
catalyzed by the cheB gene product (B). Signalling to the flagellar motor is 
indicated by the thin black lines, with the che gene products that have unknown 
function included (Y ,A, W ,Z). Possible interactions between the cheZ and cheB 
and between the cheY and cheR proteins are indicated by the double arrows. 
The cheV and cheC gene products are shown interacting with the motor and with 










stimulate rapidly in a confined volume so that one end of the filamentous cell 
could be stimulated independently of the other end. Mike Manson and Howard 
were developing these techniques when I joined the lab. Iontophoretic 
stimulation using a micropipette filled with a charged attractant had been 
chosen as the method for producing a local change in attractant concentration. 
As a control Mike had started testing normal length tethered cells to determine 
their responses under this stimulation. I joined him on this and finished 
developing the application of iontophoresis to the stimulation of E. coli. The 
first three chapters cover my studies of the responses of tethered cells of normal 
length to iontophoretic application of attractants and repellents in collaboration 
with Mike Manson and Steve Block. 
Although Mike had also worked out the basic strategy for how to attach 
markers to long filamentous cells, I did not work further on this immediately for 
two reasons. First, a great deal could be learned studying normal tethered cells 
using the rapid stimulation method of iontophoresis, and second, I did not believe 
that E. coli had a long distance signalling system. Akira Ishihara joined the lab a 
few years after I came and worked out the details of the filamentous cell 
technology. It was a monumental feat for which he deserves much credit. The 
fourth and fifth chapters cover my collaboration with him, including the test of 
long range coupling. The final chapter contains some concluding speculations 
and thoughts on bacterial chemotaxis. 
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Chapter I 
THE LATENCY OF THE CHEMOT ACTIC RESPONSE 
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The purpose of this experiment was to develop the procedures for 
stimulating E. coli iontophoretically, and to measure some of the characteristics 
of responses to iontophoretic stimulation. The experimental apparatus had to: 
1) follow the direction of rotation of a tethered cell with good time resolution, 
2) allow the placement of a micropipette near the cell, and 3) pass a current 
through the pipette, ejecting charged molecules. 
Cells were tethered to the upper surface of a glass coverslip which was 
then attached to the bottom of a stainless steel flow cell (Berg and Block, in 
press). The flow cell sat on an aluminium, temperature-controlled stage that 
could be positioned accurately with two micrometer screws. Tethered cells were 
observed with a Nikon S-Ke microscope equipped with a Zeiss 40X water-
immersion phase-contrast objective which was electrically and thermally 
insulated from the microscope and whose temperature also could be controlled. 
The direction of rotation of a tethered cell was followed using a linear graded 
filter apparatus, a device originally used in an attempt to detect steps in the 
rotation of the flagellar motor, adapted from Kobayasi et al., 1977, by Howard 
(Berg et al., 1982). The output provides the x- and y-coordinates of the center of 
brightness of the cell image. These signals were filtered to remove noise, ac-
coupled, and recorded on a strip-chart recorder (Brush Mark 220, 25 mm/sec) 
together with an event marker indicating the direction of rotation of the 
tethered cell (determined from the relative phase of the two signals by a circuit 
that checked the sign of the x-coordinate whenever the y-coordinate crossed 
zero). The amount of filtering normally used introduced about a 0.06 sec time 
lag in the x- and y- signals. 
The micropipette was positioned using a micromanipulator (Narishige 
M0-103). The current injection circuit was built by Howard, following the design 
of Dreyer and Peper, 1974). Pulses of predetermined amplitude (0.01-1000 nA) 
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and outside, the only difference being the addition of charged attractant to the 
solution inside the micropipette. We felt that an important control for these 
experiments was that pipettes containing only buffer should not stimulate cells. 
Given this control, any responses observed would be due to whatever compound 
had been added to the buffer. Unfortunately, there were still some problems, 
which Mike and I tackled together. 
The original buffer tested was a standard chemotaxis buffer, containing 
phosphate pH 7, NaCl and/or KCl, and EDTA (to chelate divalent cations that 
inhibit motility). Although negative currents (up to -100 nA) from pipettes 
containing only this buffer did not normally stimulate cells, we found that 
positive currents (+10 to +100 nA) did. This was not an electrical effect because 
positive currents could be attractant or repellent stimuli. Even currents from 
the same pipette could suddenly switch from being attractant to repellent! Cells 
responded to pipettes containing Tris buffer, less strongly if the salt was choline 
chloride. It was not due to compounds leaching out of the micropipette surface 
(the glass normally used for pipettes is a borosilicate), because micropipettes 
made from aluminosilicate glass or even fused quartz still stimulated cells. 
(Mike noted that aluminosilicate pipettes were more fragile than quartz or 
borosilicate pipettes.) Micropipettes pulled by F. Haer (a commercial supplier) 
or by ourselves had similar effects. The response was not due to temperature or 
any stimuli mediated specifically by tsr or tar, because mutants in both those 
proteins still responded. Also, the temperature change due to resistive heating 
should be independent of the sign of the current (although usually the resistance 
to positive currents was about twice the resistance to negative currents). Quite 
often it appeared that strong fluid flows accompanied the current. We thought 
that this might be due to a surface charge effect--glass surfaces are negatively 
charged. Mike tried adding BSA to the buffer in hopes of coating the surface but 
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that had no effect. I tried silanizing the micropipettes, but that also had no 
effect; the tips of such pipettes tended to clog and they were difficult to fill. 
Finally, Jim Hudspeth suggested that we add thorium to the buffer. 
initially thought he was joking, but he was not. Thorium cations are tetravalent, 
which causes them to bind quite tightly to negatively charged surfaces. This 
then reduces electroosmotic flows and other problems due to surface potentials 
(Schanne et al., 1968). Because phosphate and EDTA bind thorium, I used Tris 
and tetren (Reilley and Vavoulis, 1959) as buffer and divalent chelating agent, 
respectively. I found that 10-5 molar thorium chloride dramatically reduced the 
responses to positive currents. Thus we concluded that a surface charge effect, 
possibly resulting in the release of an excess of cations for positive currents, was 
producing the response. 
The buffer that we now use is Tris buffer containing NaCl and KC! salts to 
stabilize the antibodies used for tethering, tetren, thorium chloride, lactate as 
an energy supply for the cells, and methionine to insure that methylation 
processes are not limiting. This buffer is not ideal--the Tris is near the edge of 
its buffering range and the pH of the solution changes drops 0.05 units per week 
at room temperature. The thorium chloride cannot be kept as a more concen-
trated stock solution but must be made fresh for each new buffer solution. It is 
added only to buffers put in the micropipettes. Fortunately, the buffers 
containing 10-5M thorium can be stored for several months at 4°C. The 
resistance behavior of a pipette filled with a solution without adequate thorium 
has a characteristic time course. During pulses several seconds long the 
resistance slowly declines. For pipettes filled with "good" solutions the 
resistance remains fairly constant during the pulse (less than 10 % change). The 
resistance change in pipettes filled with "bad" solutions may reflect changing 
ionic conditions at the tip during current flow. 
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This technique works quite well for ejection of charged compounds such as 
aspartate, a-methylaspartate, benzoate, nickel, and 0-glucosamine. A test of 
the speed of release was made by filling pipettes with buffer containing 
fluorescein(which is negatively charged) and following the release in darkfield 
with a pinhole and a photomultiplier (Berg, 1976; Text-figure 2). This was only a 
crude test because of contributions from out of focus regions, but it gave us 
confidence that release of f luorescein was beginning within l 0 msec of the start 
of current flow and ending soon after the end of current flow. As it turns out, 
this is sufficiently rapid for studies of bacterial chemotactic responses. 
The amount of a-methylaspartate released is roughly what would be 
estimated from the relative mobilities of the ions in the buffer. I estimated that 
the steady state concentration of a-methylaspartate 4 microns from the tip of 
the pipette containing 10 mM a-methylaspartate should be 0.5 mM for a -100 nA 
current, and should decrease linearly for smaller concentrations in the pipette. 
This is roughly what is observed (see table in Segall et al., 1982, below). 
The limitations of this technique are that l) only a fraction of the current 
is carried by the compound of interest because of the buffer solution, requiring a 
concentration inside the pipette of as much as 20 times the dissociation constant 
of the receptor to be studied; and 2) the efficiency of ejecting uncharged 
compounds such as serine and sugars has not been determined. It is possible that 
one might be able to use flows out of the tip driven by current to eject 
uncharged compounds. Also, serine is charged at a higher pH, and thus it may be 
possible to use a higher pH inside the pipette to produce movement of serine. At 
higher pH's the surface charge of the glass will be different, possibly producing 
greater flows. 
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Text-figure 2. Iontophoretic release of fluorescein 
Fluorescence changes 4 um away from a micropipette containing 
f Luorescein. The thin Line is the average of three records of the light coming 
through a pinhole placed in the image plane of the microscope following current 
injection beginning at time 0.168 sec (arrow) and ending 0.596 sec later 
(arrow). The effective diameter of the pinhole in the object plane was about l 
micron. A micropipette containing 5 mM fluorescein was placed 4 microns away 
from the point at which the pinhole was centered. Darkfield optics were used so 
that most of the light coming through the pinhole was due to fluorescence of the 
dye. (The output of the photomultiplier was put through an RC filter with a 12 
msec time constant and recorded on a Brush 220 strip chart recorder running at 
125 mm/sec. The records were digitized on an HP7470 plotter interfaced to an 
Apple II/e and shifted by 12 msec to compensate for the RC filter). A -100 nA 
current was used. The time axis is divided into 0.2 sec intervals. The heavy Line 
is a theoretical estimate of the total fluorescein in a vertical column centered 
four microns from the micropipette. I modeled the pipette tip as a point source 
and used the diffusion equation to predict the change in concentration with time 
m the column. The diffusion constant used for f luorescein was 
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Reprinted from Nature. Vol. 296. No. 5860. pp. 855-857. 29 April 1982 
(\'.) Macmillan Journals LuL. 1982 
Signal processing times 
in bacterial chemotaxis 
Jeffrey E. Segall, Michael D. Manson• 
& Howard C. Bel'I 
Division of Biology 216-76, California Institute of Technology, 
Pasadena, California 91125, USA 
The b•cterium Esclterlcliia coll responds to cb8Dges In lbe 
concentnitlons of vmons chemlals In Its enviroument1• A cell 
nri.ms uonc • smooth tnijectory (rum), moves erratically for 
• brief lime (tumbles) ud then rum apin, chooting a new 
direction •t 1'8Ddom'. U • run h8ppen• to C8fTY the cell ap a 
1f8dlent of an attnmnt (such as upartale, serine and certain 
snpn ), the OttDpancy of the appropriate chemoreceplor 
lncreues with time"' and • slp•I is sent lo the ftqellu moton 
tut Increases their counterclockwise biu'. On the avel'8ge, this 
ell1ends favoul'8ble runs and the cell moves up the gndlent. 
The recepton for upartate and serine....., ue proteins found In 
the cytopltl.Smic membl'8ne, known u methyl-acceptinc 
cbemobllis proteins'·'0 , ud ue the products of the 1ar and 1sr 
cenes 11• A cell can adapt to sustained chances of receptor 
occupancy by carboxymethylating these proteim12; It is not 
known, however, how these proteins sip•I the ll•gellu moton 
or how the slgnu controls the direction of ftagellu rotation. 
Prodncts of sevel'81 cite genes involved In slgn.uing and adapta-
tion have been identified'"", but with the e:cceptlon of a 
metbyltnimferue15 (the clteR product) ud • demethylase1• 
(the clteB product), their functions ue lugely unknown. In an 
•«empt to leun more about the events that triger • chemobc· 
tic response, we have now exposed cells to r8pld cmnges In 
the concentnitlon of •ttnctants and repellents and meuured 
the time required for fta1ellu reversal. In wild-type cells and 
In cells containin1 • clteR...:heB deletion, the response latency 
is -0.2 s. In cheZ mubnta, It is much lon1er. 
Cells were tethered to glass with antibodies directed against 
ftagcllar filaments, so that rotation of a cell body could be used 
to monitor the rotation of a flagcllar motor''. Individual cells 
were observed with a microscope equipped with an opto-clec-
tronic device that J'rovided a continuous readout of the cell 's 
angular position' ·19• A micropipettc containing sodium 
a-mcthyl-DL-aspartate (a-McAsp, a non-mctabolizable ana-
logue of the attractant aspartate) was positioned with its tip a 
few micrometres away from the cell, and the cell was 
stimulated iontophorctically by the passage of current. As the 
addition of a- McAsp causes a cell to spin counterclockwise '. 
the current was switched on when the cell changed its direction 
of rotation from counterclockwise tCCWl to clockwise (CW). 
We measured the interval of time from the beginning of this 
stimulus to the next reversal (the response latency), with a 
resolution of -0.03 s. A typical response is shown in Fig. 1. 
Stimuli were given about every 30 s, and distributions of interval 
lengths were constructed (sec Fig. 2) . The experiments were 
repeated with different concentrations of a- McAsp in the 
pipette and the results arc summarized in Table I. When the 
concentration in the pipette was .;0.01 mM, the distributions 
of interval lengths did not differ significantly from those obser-
ved in the absence of a stimulus (Fig. 2a ). When the concentra-
tion was .. 0.1 mM, responses occurred in -0.2 s (Fig. 2b; 
Table I) . When the concentration was increased by a factor 
of 100, the mean latency decreased by less than a factor of 2 
(Table 1). 
To interpret these results, one needs to know the initial 
concentration of a- McAsp near a cell and the time course of 
the change generated by the stimulus. A cell exposed to a step 
change in concentration of a- McAsp spins CCW for a time 
(the transition time) proportional to the change in receptor 
• PTcacnt addre:u : Fali:ullit fiir Btolocie. Univemtil Konstan1. D· 77SO Komianz I. FRG. 
occupancy. This time is -180s for a shift from 0 to 0.16 mM, 
the apparent dissociation constant of the rcccptor'0"'. The 
initial concentration of a-McAsp near a cell was estimated by 
suddenly bringing the pipette from far away to its final position. 
No response was detected with ,.; 1 mM a · McAsp in the pipette . 
With 10 mM a-McAsp in the pipette, a transition time of -20 s 
was observed, corresponding to a jump in concentration at the 
cell from 0 to -0.008 mM. The maximum concentration change 
that could be generated by the stimulus was estimated by 
measuring the transition time after the pipette was in position 
and the current was switched on and left on. Steady-state 
concentrations determined in this way arc given in the last 
column of Table I. Negative ions carried out of the pipette by 
the current ultimately reach the cell by diffusion. For diffusion 
from a point source switched on at time t = 0 (ref. 22), the 
concentration at the cell increases as C = C~ ERFC 
[r/(4Dt) 112], where C~ is the steady-state concentration, ERFC 
is the error function complement, r is the distance between the 
cell and the tip of the pipette (-4 x 10·• cm) and D is the 
diffusion constant of a-McAsp (8.9 x 10·• cm' s· 11. The con-
centration rises rapidly, reaching one-third, one-half and two-
thirds of its steady-state value in 0.01, 0.02 and 0.05 s 
respectively . With 0.1 mM a-MeAsp in the pipette. the cells 
·responded on the average in 0.32 s (Table 1 ), at which time 
the receptor occupancy was 2.3% . With 1 mM or 10 mM 
a-McAsp in the pipette, this change in receptor occupancy 
should have occurred in 0.002 s or 0.004 s, respectively. The 
,, 
fla, 1 A strip-ehan record of iontophoretic stimulation of tethered 
E. coli 1train A W405. The middle trace shows the cosine of the angJc of 
oricntuion of the cell , cos 8 ; sin 8 also was recorded (not shown ). These 
two signals were used to generate 1hc event marker shown in the upper 
trace, which indica1es the direction of rotation of the cell. The event marker 
was updaccd every time sin fl • 0, that is, twice per cycle. and wu used to 
trigcr 1hc stimulus. A second event mark.er . shown in the lower trace. was 
turned on when current was injected into the pipcnc 32 . The latency was 
dctcnnincd by mcasunng the interval between the onset of 1he stimulus 
and the next revenal, as indicated by sin fJ or cos 8. The measurement was 
corrected for the la& in the· electronics used to smooth these s1enals t0.06 ::t: 
0 .02 s). A spontaneous reversal occurred a1 a. The cell was stimulated 0 .03 s 
alter this event was ftaged by the upper event marker. Another reversal 
tthe response ) occurred al b, 0.34 s later !0 .28 s when corrected for lag tn 
the electroniaJ. The stimulus ended at c. and the cell changed direction 
again 11 d. Cells were grown as described previously20 on glycerol rather 
than &Iucose. washed twice with a lethering medium conra1nm1 90 mM 
NaCl, 10 mM KO, 10 mMTris pH 7.0 andO. l mM tetraethylenepentamine 
ttetrenn ), resuspended in this medium at one-tenth the original volume. 
sheared by passage between two syringes equipped with 26-itauge needles 
and washed once more. Then !hey were 1ethercd. as described prev1ouslyi" . 
The micropipette tF. Haer 30-31-1 Pyre1 7740 tubing pulled on a 0. Kopf 
700C puller) wu filled with tethcnng medium conta1nin&. 1n addiuon. 
10 mM sodium a-MeAsp ISigmat and 0 .01 mM ThCI,, IS.Ce bclow1. Its 
resiuancc was about SO MO. Connect ion to the current-iniection circuit 
was made with AgO-coated Ag wires . The lip of the pipette was positioned 
2 ~m above a point 4 µm away from 1hc point of attachment of the cell. 
The stimulus current wu -100 nA tneaative ions ejected) . No positive 
back current was used. The bath was perfused slowly with 1ethering medium 
10 prevent any long-term buildup o( attractant. The cell was observed with 
1 x 40 water-immenion phase-contrast objective tZcissl electrically insu-
lated from the microscope . The experiment was done at room temperature 
t22 ± t °C). ThO,, was added to the medium in the p1pclle 10 neutralize 
negative charges on the surface of the gJwl" which we think were respon -
sible for stimuJus ancfactS (responses that occurred without any a-MeAsp 
in 1he pipclle. part icularly to the passage of positive currents) . As thorium 
is precipitated by phosphate and chelated by EDT A, these components of 
the standard tethering medium:o were replaced by Tris and tetren 
respectively. 
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cells responded on the average 0.25 or 0.23 s later. when the 
changes in receptor occupancy were 10 or 69%, respectively .• 
We conclude that the cells respond with a latency of -0.2 s 
when the change in receptor occupancy is as small as 2% and 
that larger changes in receptor occupancy do not change the 
latency much . The latency is well within the upper limit for a 
chemotactic response time f-0.7 s) set by the rapid-mixing 
experiments of Macnab and Koshland"-
The proper functioning of the pipettes (sec ref. 23) was 
checked by replacing the a-MeAsp with 10 mM Huorcscein 
and measuring the Huorescence near the tip of the pipette with 
a photomultiplier mounted on a dark-field microscope. Changes 
in Huorescence occurred during the passage of a pulse of nega-
tive current on a time scale consistent with that predicted by 
the diffusion theory to within -0.01 s. 
We looked for correlations between the mean latency of a 
cell and the pre-stimulus directional bias of its Hagellar motor. 
In the 34 cells examined, the ranges of mean CW intervals, 
mean CCW intervals and fractions of time spent CW were 
0.34-1.89 s, 0.66-3.12 sand 0.11-0.71, respectively. The mean 
latencies were not correlated with any of these parameters. 
The following controls demonstrated that we were dealing 
with bona fide chemotactic responses. Wild-type cells (strain 
A W405 I did not respond when the pipette contained only 
tethering medium !Table 1 ); they responded to benzoate 
{ 100 mM in the pipette I as a repellent, that is. by spinning CW 
in response to a pulse of negative current. A tar mutant {strain 
AW539l failed to respond to a-MeAsp but did respond to 
benzoate as a repellent. A tsr mutant {strain A W518) responded 
to both a-Me Asp and benzoate as attractants. as expected". 
Whenever a response occurred, the latency was -0.2 s. 
What steps in the signal-processing pathway cause the 
latency" Recall that the latency changes very little when the 
concentration of a-MeAsp is increased by a factor of 100 
!Table 1 ). With large stimuli. more attractant can diffuse to the 
cell. enter the periplasm and bind to the receptor in a given 
time. so none of these processes can be limiting. Reactions 
whose rates are proportional to the amount of bound receptor 
cannot limit the latency either, because the limit is reached 
with changes in receptor occupancy as small as 2%. The times 
required for a small molecule to diffuse from the receptor to 
the Hagellar motor or for an electrogenic impulse to travel along 
the cytoplasmic membrane are a few milli- or microseconds 
respectively, so signal transmission per se is not likely to be 
limiting. Finally, the time required for the Hagellar motor to 
change the direction of rotation of a tethered cell once a reversal 
is initiated is 0.01 s or less''. so this factor is not important. 
Either the rar protein activates a sequence of one or more 
reactions that signal the motor with a delay averaging 0.2 s. or 
the motor. having received the signal, is not able to initiate a 
reversal in a shorter time. · 
The latency of a strain containing a cheR-<:heB deletion is 
normal {strain RP127312•. Therefore, excitation does not 
!n1ervo1 'erlQl l'. (s l 
F"ac. 2 Distributions of rotation intervals observed before (al and 
after (bl iontophoretic stimulation of E. coli strain A W405 (as 
indicated in Fig. 1). Distribution a includes CW intervals observed 
immediately preceding each stimulus i3-5 intervals per stimulus. 
171 in all. mean±s.d. 1.32± 1.93 sl. Distribution b includes CW 
intervals observed during each stimulus 1 l interval per stimulus. 
24 in all. mean ±s.d. 0.18±0.lOs, corrected for the lag in the 
electronics). Distribution a 1s exponential. except for a paucity of 
intervals of length '6 0.1 s; distribution b is bell-shaped . The 
distribution of CCW intervals observed immediately preceding 
each stimulus !not shown. 179 intervals in all. mean:: s.d. 1.36:: 
1.40 S) was similar to the corresponding distribution of CW 
intervals fa). 
involve methylation' '. demethylation 2• or other processes cata-
lysed by the cheR or cheB gene products. The latencies of 
strains containing cheZ mutations are very long, -2 s !strains 
RP5006 = cheZ 292. an amber mutant, and RP5007 = cheZ 
293. ref. 27). It is known from reversion analysis and inter-
species complementation tests that the cheZ gene product 
interacts with both the demethylase lthe cheB gene product} 
and with components of the Hagellar motor involved in control-
ling the direction of rotation (the cheC = ffaA and che V = ffaB 
gene products)". Our results suggest that the cheZ product 
lies on the excitation pathway. Alternatively, its binding to the 
Hagellar motor is required for rapid initiation of CCW rotation. 
The lack of correlation between latency and the directional 
bias of the motor observed in wild-type cells also seems to be 
the case for cells containing cheR-<:heB or cheZ mutations. 
The time required for a cell to adapt to a step change in the 
concentration of a-MeAsp, however. is strongly correlated with 
the directional bias of the motor I with the mean CCW inter-
vall29 . This implies that the signals involved in excitation and 
adaptation reach the motor by separate pathways or that the 
latency is due to a step that occurs after these pathways merge. 
T•ble 1 Response of the wild-type strain to different concentrations of a-MeAsp 
Steady-state 
Concentration in CW interval tsl Total no. of concentratton at 
pipette 1mM1 Before stimulus During stimulus No. of cells stimuli the cell tmMl* 
IO 0.89±0.31 0.23±0.07 8 100 0.52 
I 0.89±0.50 0.25 ±0.05 9 173 0.022 
0.1 0.90±0.47 0.32 ±0.09 10 164 0.0044 
0.01 1.18 ± 0.34 0.92 ±0.23 3 26 <0.0005 
0 1.04±0.10 1.00±0.49 3 31 0 
Measurements were made as described in Figs 1 and 2 legends, with -100 nA pulses of length 0.3-5 s. Each cell was tested at only one 
concentration of a-MeAsp in the pipette. Values for the CW interval are the mean and s.d. of the mean intervals for each cell, each cell weighted 
equally. 
• Estimated from the transition time. t, for adaptation to a continuous -100 nA pulse. using the formula C = 0.16 t /( 360- ti, where C is in 
mM. t in s tsec Fitt. 2 of ref. 201. The fractional change in receptor occupancy is C/1 Kd + C ). where Kd is the apparent dissociation constant of 
the receptor. 
Although cheZ mutants generally have abnormally high tum-
bling rates, cheZ-cheC double mutants exist that fail to move 
up gradients even though their tumbling rates are normal'0 • 
Mutants of this son may represent a new kind of che phenotype, 
in which the defect lies in the rates at which cells respond to 
time-varying stimuli. U the latency of a cell is longer than its 
mean run length, it will choose a new direction at random 
before it has had a chance to make the appropriate response . 
Why is the latency of wild-type cells as long as 0.2 s? There 
is no reason, a priori, that the response to a large stimulus could 
not occur within a few milliseconds. However, a cell must 
time-average its measurement of receptor occupancy if it is to 
sense small changes in concentration in the presence of statis-
tical fluctuations. For most of the stimuli encountered in nature, 
averaging times of hundreds of milliseconds arc required" . 
There may never have been any selective pressure for the 
development of more rapid signal-processing machinery. 
We thank Steve Block, Jim Hudspeth, Victor Neher and Bob 
Smyth for valuable suggestions and Sandy Parkinson for bac-
terial strains. This work was supponed by grant All 64 7 8 from 
the US NIH. 
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Additional Data 
The space constraints of Nature did not allow a complete presentation of 
the latency data, and some further studies have provided more information. A 
revised table, showing all the latency data acquired, is given in Table l. 
Response latencies to pipettes containing 0.091 M a-methylaspartate were also 
measured. It is interesting that latencies to pipettes containing higher 
concentrations of attractant do decrease, but only by around 15% for each order 
of magnitude increase in concentration from 0.00 lM to 0.09 lM. The latencies 
measured to pipettes containing the repellents nickel or benzoate are also shown 
in Table l. I believe that the nickel measurements more accurately represent 
the latency in response to large repellent stimuli, because the benzoate 
stimulation appeared to be near threshold. Some cells did not respond to 
benzoate, and a large concentration (0.2M) was necessary to produce a 
response. On the other hand, I have seen that 0.00 l M nickel chloride in the 
pipette ( l I l OOth of the concentration used for measuring the latencies in 
Table l) is sufficient for stimulating cells. I also believe that the difference in 
latencies between the addition of nickel (or the removal of a-methylaspartate) 
and the addition of a-methylaspartate is significant, possibly reflecting 
generation of a CW signal, as described in Chapter 5. A final note on nickel: I 
noted that with O.lM NiCl2 in the pipette, the leakage from the pipette will 
initially cause a repellent response when the pipette is placed near a tethered 
cell, but that with time the tethered cell stops reversing and rotates in the CCW 
direction! This change is not permanent because passing positive current through 
the pipette will cause a repellent response. Some of the latencies recorded in 
Table l were acquired from such cells. 
Text-figure 3 shows an ensemble histogram of the latencies in response to 
-100 nA from pipettes containing 0.010 M or 0.091 M a-methylaspartate. The 
Table 1 
Response Latencies 
Strain Compound Cone. in Prestimulus Latencya No. of No. of 





AW405 a-Me-Asp 91.0 .77±.46 1. 86±. 6 7 .19±.06 1 78 
10.0 .89±.31 1.85±.70 .23±.07 8 100 
1.0 .89±.50 1.46±.54 .25±.05 9 17 3 
\.).) 
....... 
0.1 .90±.47 1.56±.80 .32±.09 10 164 
0.01 1.18±.34 1.02±.29 .92±.23 3 26 
Buffer 1.04±.10 1.08±.17 1.00±.49 3 31 
chezc a-Me-Asp 10-90 nr nr 3.3±.30 12 164 
Repellent Stimuli 
AW405 a-Me-As pc 91.0 2.05±.07 1.94±.92 .13±.07 4 32 
Benzoate 200.0 .95±.34 1.54±.65 .20±.03 3 57 
Nickeld 100 . 0 nr nr .11±.06 9 81 
aFor attractant (repellent) stimuli the stimulus begins during a CW (CCW) interval and the latency is the 
length of the interval after the start of the stimulus. 
~any cheZ cells spun continuously CW, so that prestimulus interval lengths were not recorded (nr). · 
cCells were adapted to a -10 nA current from the pipette, which was then shut off at the start of a CCW 
interval. 




Text-figure 3. Comparison of stimulated and unstimulated CW 
interval distributions 
Histograms of unstimulated (light line) and stimulated (heavy line) CW 
interval lengths for cells stimulated with pipettes containing 0.91 Mor 0.010 M 
a-methylaspartate. Lists of stimulated and unstimulated CW intervals greater 
than 0.06 sec long were made for each cell and 0.06 sec was subtracted from 
each interval length. (The average lag between the start of a CW interval and 
the start of current flow is estimated to be 0.06 sec.) The mean interval length 
for each cell was calculated and then the mean of the means (the ensemble 
mean) was calculated. Histograms for each cell were constructed by binning 
intervals into fractions of each cell mean, as described in Block et al., 1983. 
Then the histograms were combined to produce an ensemble histogram. The bin 
size was chosen so that the bin size for the ensemble histogram was 0.03 sec for 
both stimulated and unstimulated intervals. The maximum bin size was 65 for 
the unstimulated and 23 for the stimulated intervals. Intervals longer than 3 sec 
are not shown. The unstimulated ensemble mean was 0. 79 ± 0.1 sec (mean and 
s.e.m. for 15 cells, 1,290 intervals) and the stimulated ensemble mean was 0.21 ± 
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latency distribution for each cell is scaled to the ensemble mean and all the 
latencies compiled into a grand ensemble histogram. Although this technique is 
not foolproof, the net result gives some idea of the average latency 
distribution. It is clear that latencies vary quite a bit, and that the distribution 
is not sharply peaked about the mean value. On the other hand, the distribution 
is not exponential, as are the distributions of unstimulated CW and CCW 
intervals. If the CW interval length of the motor were instantaneously switched 
to a new mean value, one might expect the latency distribution to be more 
exponential. Note that there is a paucity of events less than 30 msec long in the 
unstimulated distribution in Text-figure 3, while in the stimulated distribution 
there is a paucity of events less than about 200 msec long. This suggests that 
either the motor cannot reverse immediately upon reception of a signal to 
reverse, or the generation of the signal to reverse is partially rate limiting and is 
reflected in the initial rise of the latency distribution. 
The final information in Table l concerns the latencies of cells containing 
a mutation in the cheZ gene to a-methylaspartate. I have tested 5 different 
mutants, and all show greatly increased response latencies. Since strongly CCW 
or CW biased motors can respond rapidly( nickel results reported above and data 
in Chapter 2), the long latency of cheZ cells is probably not due to the extreme 
CW bias of the motor but reflects a defect in the signal processing pathway. 
More information on cheZ and other mutants will be given in Chapters 2 and 3. 
Interpretation of the long cheZ latency will be discussed in Chapter 5. 
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Chapter II 
IMPULSE RESPONSES IN BACTERIAL CHEMOT AXIS 
37 
This paper was the culmination of a collaboration between Steve Block and 
myself. The iontophoresis technique was combined with the data digitization and 
analysis programs that Steve had developed for the experiments involving 
programmed flow (Block et al., 1983). The result was an extremely powerful 
method for studying chemotactic responses of bacterial cells. 
Because of the amount of data that has been collected since the submission 
of this paper, I have put unpublished data on step and impulse responses in a 
separate chapter--Chapter III. 
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Impulse Responses in Bacterial Chemotaxis 
Steven M. Block, Jeffrey E. Segall and 
Howard C. Berg 
Division of Biology 
California Institute of Technology 
Pasadena, California 91125 
Summary 
The chemotactlc behavior of Escherichia coll has 
been studied by exposing cells tethered by a single 
flagellum to pulses of chemicals delivered lontopho-
retlcally. Normally, wild-type cells spin alternately 
clockwise and counterclockwise, changing their di-
rection on the average approximately once per sec-
ond. When cells were exposed to a very brief diffu-
sive wave of attractant, the probability of spinning 
counterclockwise quickly peaked, then fell below 
the prestimulus value, returning to baseline within 
a few seconds; repellent responses were similar but. 
Inverted. The width of the response indicates that 
cells Integrate sensory inputs over a period of sec-
onds, while the biphaslc character implies that they 
also take time der:lvatlves of these Inputs. The sen-
sory system Is maximally tuned to concentration 
changes t'"iat occur over a span of approximately 2 
sec, an Interval over which changes normally occur 
when cells swim In spatial gradlentS; It Is optimized 
to extract Information from signals subject to statis-
tical fluctuation. Impulse responses of cells defec-
tive in methylation were similar to those of wild-type 
cells, but did not fall as far below the baseline, 
Indicating a partial defect In adaptation. Impulse 
responses of cheZ mutants were aberrant, indicat-
ing a serious defect in excitation. 
Introduction 
Flagellated bacteria swim in a purposeful manner. 
They move up gradients of some chemicals (attrac-
tants) in search of food and down gradients of other 
chemicals (repellents) to avoid noxious substances. 
The cells are propelled by thin, helical flagella, each 
driven at its base by a reversible rotary motor. The 
behavioral repertoire of Escherichia coli and Salmo-
nella typhimurium consists of runs and tumbles. Dur-
ing a run, the flagellar filaments rotate in concert in a 
helical bundle, pushing the cell steadily forward. Each 
run is terminated by a tumble, during which the fila-
ments change their direction of rotation, the bundle 
flies apart and the cell moves erratically, with little net 
displacement. At the end of a tumble, the cell runs 
again, moving off in a new direction. The direction of 
rotation of a flageHar motor is determined in part by 
sensory inputs. In a chemically isotropic environment, 
changes in the direction of rotation occur at random, 
and a cell executes a three-dimensional random walk. 
Run and tumble intervals are each distributed expo-
nentially, with time constants on the order of 1 and 
0.1 sec, respectively. In a gradient of an attractant (or 
repellent) the rotational bias is altered in such a way 
that runs that happen to carry the ceM in a favorable 
direction are extended. This imposes a drift on the 
random walk that carries the cell up (or down) the 
gradient. Temporal changes in concentration experi-
enced by the cell as it moves in a gradient lead to 
variations in the occupancy of chemoreceptors that, 
in tum, alter the rotational bias of the flagellar motors. 
(For recent reviews on bacterial chemotaxis see Mac-
nab, 1978; Springer et al., 1979; Koshland, 1981; 
Parkinson, 1981; Boyd and Simon, 1982.) 
What is the pathway linking the receptors to the 
flagella? How does it function? While many of the 
components of this pathway have been identified ge-
netically and some of their biochemical interactions 
are known, most of the events that occur during signal 
processing remain obscure. The work reported here 
defines the physiological properties of the sensory-
transduction pathway in detail, both in the wild-type 
and in certain mutant cells. It is based on a method 
that provides means for systematic analysis of chem-
otactic behavior at the level of an individual flagellar 
motor. 
The output of a single motor can be monitored by 
tethering the flagellar filament to a glass surface (Sil-
verman and Simon, 197 4). When the filament is held 
fixed, the motor spins the cell body alternately clock-
wise (CW) and counterclockwise (CCW). Rotation in 
the CCW direction (as viewed from a point in the 
external medium above the cell) corresponds to the 
run mode, while rotation in the CW direction corre-
sponds to the tumble mode (Larsen et al., 197 4). This 
preparation is particularly useful for the study of be-
havior: the cell remains at a fixed position for obser-
vation, while the chemical milieu may be changed at 
will. When properly energized, cells remain active for 
hours. A tethered cell can be stimulated by mixing in 
an attractant or a repellent (Larsen et al., 1974), by 
displacing one medium with another containing an 
attractant or a repellent (Berg and Tedesco, 1975) or 
by positioning an iontophoretic micropipette contain-
ing a charged attractant or repellent near the cell and 
passing an electric current (Segall et al., 1982). 
The first two methods have been used in studies of 
adaptation, wherein cells exposed to the sudden ad-
dition of a large amount of attractant spin CCW for 
minutes, spin CW for a somewhat shorter time and 
then gradually relax to their initial mode of behavior 
(Berg and Tedesco, 1975). Cells exposed to the sud-
den removal of attractant spin CW for many seconds, 
spin CCW for a shorter time and then <esume their 
initial mode of behavior. Similar responses are ob-
served when repellents are removed or added, re-
spectively. The biochemical basis for this adaptive 
behavior appears to be the reversible carboxymeth-
ylation of proteins found in the cytoplasmic membrane 
called methyl-accepting chemotaxis proteins (MCPs; 
Kort et al., 1 975). Individual polypeptides are multiply 
methylated in a sequential fashion, the final steady-
state level of methylation reflecting the external con-
centration of attractant or repellent (Boyd and Simon, 
1980; Chelsky and Dahlquist, 1980; Defranco and 
Koshland, 1980; Engstrom and Hazelbauer, 1980). 
The time course for methylation in response to addi-
tion of attractant closely parallels that for physiological 
adaptation (Goy et al., 1977). When the concentration 
of an attractant increases (or that of a repellent de-
creases), methyl groups are added gradually; when 
the concentration of an attractant decreases (or that 
of a repellent increases), they are removed rapidly. 
These steps are catalyzed by two cytoplasmic en-
zymes: a methyltransferase, the product of the cheR 
gene (Springer and Koshland, 1977), and a methyles-
terase, the product of the cheB gene (Stock and 
Koshland, 1978); che refers to generally nonchemo-
tactic. The MCPs also serve to integrate information 
from different sets of receptors and to relay that 
information to the flagellar motors. Accordingly, their 
genes have been designated tar (taxis to aspartate 
and some repellents), tsr (taxis to serine and other 
repellents) and trg (taxis to ribose and galactose) 
(Silverman and Simon, 1977; Springer et al., 1977; 
Kondoh et al., 1979). 
Several other gene products are involved in signal 
processing. Direct interactions between some of these 
components have been demonstrated by reversion 
analysis and interspecies complementation. For ex-
ample, the che Y gene product interacts with the meth-
yltransferase and with components of the flagell&r 
motor involved in controlling the direction of rotation 
(the cheC, or flaA, and the cheV, or flaB, gene prod-
ucts). The cheZ gene product interacts with the meth-
ylesterase and with these components of the motor as 
well. The functions of these and other che gene prod-
ucts, such as cheA and cheW, are not known (see 
Parkinson, 1981 ). 
The iontophoretic method has been used in studies 
of excitation , in particular, to measure response laten-
cies (Segall et al., 1982). When cells are exposed to 
rapid step changes in the concentration of attractants 
or repellents, responses to these stimuli occur in about 
0.2 sec. This is true both for wild-type cells and for 
cells carrying a cheR-cheB double deletion. Re-
sponse latencies of cheZ mutants are much longer. 
These latencies are relatively insensitive to the mag-
nitude of t'ie stimulus, provided that the change in 
chemoreceptor occupancy is above the threshold 
level. The response latency is a measure of the time 
required for signals to be processed by the complete 
transduction pathway. Given the small size of the 
organism, the latency of wild-type cells is surprisingly 
long, suggesting that the excitation pathway is com-
plex. 
There are two serious problems with the studies of 
tethered cells made thus far. The first is that measure-
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ments of adaptation times and response latencies 
provide only a limited amount of information about the 
transduction machinery. The second is that the stimuli 
used are so large that this machine!")' is driven into 
saturation; the information that is obtained may not be 
relevant to the behavior of the cell in the real world, 
where stimuli are much smaller. Cells swimming in 
spatial gradients do not experience large temporal 
stimuli, because discontinuities in concentration are 
smoothed out by diffusion. 
We have used the iontophoretic technique to ex-
pose cells to impulsive stimuli rather than to large-step 
stimuli, and we have followed each cell's behavior for 
many seconds, not just to the next flagellar reversal. 
In these experiments, a small amount of chemical is 
ejected from the micropipette over a period of a few 
milliseconds. The chemical spreads outwards as a 
diffusive wave, passing over the tethered cell and 
rapidly dissipating in the external medium. If the time 
course of the wave is sufficiently short, it can be 
treated as an idealized impulse. The behavior of the 
cell toward this stimulus is an impulse response. Im-
pulse responses have two very useful features. The 
first is that they reflect only the time constants of 
processes occurring in the system under study, not 
the time constants of the stimulus itself. A simple 
analogy is a bell struck by the percussive impulse of 
a clapper: a characteristic tone is generated that 
decays with time. The fundamental frequency of the 
tone and its rate of decay reflect intrinsic properties 
of the bell itself, not properties peculiar to the clapper. 
The second feature is that the impulse response con-
tains all the information necessary to predict the be-
havior of the system when it is exposed to an arbitrary 
stimulus. One need only decompose the arbitrary 
stimulus into a series of impulses of appropriate mag-
nitude and timing and compute the sum of the re-
sponses that would be observed, were these impulses 
applied separately. However, for this computation to 
work, the stimulus must be small enough that there 
are no nonlinear effects: the response to each impulse 
must remain independent of whether or not the cell is 
still responding to previous impulses (see Papoulis, 
1977; Marmarelis and Marmarelis, 1978). 
The early events in chemotaxis occur on a time 
scale of tenths of a second, and cannot be resolved 
by methods previously used to explore bacterial be-
havior. The iontophoretic technique has allowed us to 
generate stimuli that are short enough to be impulsive. 
By monitoring the rotation of tethered cells with an 
optoelectronic device accurate to a fraction of a cycle, 
we have achieved the temporal resolution necessary 
to characterize the response to these stimuli. The 
response has properties that imply that the sensory 
system in E. coli is optimally designed to allow cells 
swimming in spatial gradients to extract information 
about changes in concentration from signals subject 
to statistical fluctuations . . 
lmoulM Responses in Bacterial Chemotaxia 
Results 
Computation of the Impulse Response 
Cells were tethered to a glass window and viewed 
through the water-immersion lens of a phase-contrast 
microscope. The microscope was equipped with lin-
early graded optical filters that extract the x and y 
coordinates of the centroid of the image of a spinning 
cell; sensors viewing these filters generate signals 
that contain information about the cetrs angular ve-
locity and direction of rotation. A micropipette was 
positioned within about 4 µm of the cell, and the cell 
was stimulated by short iontophoretic pulses, re-
peated at intervals of about 1 min. Time records of 
the x and y signals were made on a striP-:Chart re-
corder, together with event markers indicating the 
direction of rotation of the cell and the timing of the 
stimulus current. The size of the stimulus to which the 
cell was exposed could be varied by adjusting either 
the magnitude of the current passed through the pi-
pette or its duration. These parameters were adjusted 
by hand during the experiment to ensure that re-
sponses occurred.- but under conditions in which the 
stimuli were impulsive (see below). Records of 20 sec 
duration bracketing each iontophoretic pulse were 
digitized and stored in a computer for subsequent 
analysis. 
The rotational behavior of a tethered bacterium is a 
binary, stochastic process: it is the probability of 
























Figure 1. Scheme for Averaging Data Records 
lndivid;;al binary records of rotational behavior (four are shown) were 
pieced in r&Qister at the time of stimulation. A value of + 1 was 
assigned to each record when the direction of rotation was CCW end 
0 when tt was CW. The average value of these numbers was computed 
each time a transi11on (an event) occurred in any one of the individual 
records. The resutt (bot1orn) is e function that can assume any one of 
n + 1 values between 0 end 1 inclusive , where n is the number of 
records. The value of this function provides an estimate of the 
probability of CCW rotation. and the density of points along the time 
axis gives an estimate of the average reversal rate. The algorithm 
actually used to perform this computation is described in the experi-
mental Procedures. 
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apparatus. Therefore, we took as our measure of the 
response the probability that a cell spins CCW. We 
obtained an estimate of this probability by taking the 
average of a series of records, each containing data 
obtained with a single stimulus. The procedure is 
outlined in Figure 1. A typical result obtained with 25 
records from a single cell is shown in Figure 2. The 
fluctuation about the baseline before and after the 
stimulus results from the averaging of binary signals. 
Its amplitude obeys the bi no mi al distribution; the 
mean amplitude decreases as the inverse square root 
of the number of records. To verify this fact and to 
test our data-reduction procedures, we used a Monte 
Carlo method to construct records of an "artificial 
cell" whose CW and CCW rotation intervals were 
given by exponential distributions. These records 
were processed in the same way as the real data. The 
probabilities computed from artificial and real data 
had similar statistical properties, which agreed with 
theory. 
Impulse Responses of Wild-Type Cells 
The impulse response to attractant stimuli is shown in 
Figure 3A. The same response was observed with 
aspartate and a-methylaspartate; only the threshold 
concentrations differed. Prior to stimulation, the direc-
tional bias of the cells averaged 64% CCW. After the 
pulse at time zero (5 sec on the scale shown in the 
figure), the probability of spinning CCW rose sharply 
to a maximum value at 0.4 sec, then fell in a smooth 
manner, crossing the baseline at 1 sec and reaching 
a minimum value at 1 .5 sec, and finally returning to its 
initial value at approximately 4 sec. The excursion 
below baseline (the response undershoot) is impor-
tant, because it implies that the chemosensory system 
has adaptive properties in the 1 sec time domain (see 










Figure 2. Impulse Response of a Single Cell 
A single cell was stimulated 25 limes by a pulse given at 5 sec 
(vertical line). The graph shows the probability of CCW rotation as a 
function of time. estimated as described in the legend lo Figure 1. 
The pipet1e contained 100 mM a-methyl-o.L-aspanate. a negatively 
charged attractant. Pulses were generated by switching the current 
from Oto -100 nA for a period ot 100 msec. The discrete layer lines 
Iha! appear in the data are determined by the 26 quantized values 





















Figure 3. Impulse Responses of Wild-Type Cells 
The probability of spinning CCW is shown as a function of time, with 
stimuli given al 5 sec (vertical line). The data were smoothed, as 
described in the Experimental Procedures. 
(A) Attractant response. The pipettes contained either 1 mM L-aspar-
tate or 7 mM o-methyl-o,L-aspartate. Pulses were generated with 
currents ranging from -1 to -100 nA switched on for periods of 
20-1 00 msec. The graph was constructed from 1 72 records contain-
ing 3193 events obtained with nine different cells: 399 points are 
displayed: 115 of the records were from stimulation by 'L-aspartate, 
57 from stimulation by o-methyl-0.L-aspartale. 
(8) Repellent response. The experiment was carried out as described 
in (A). but with pipettes containing 200 mM benzoate or 1 mM L· 
aspartate. Benzoate was injected at -100 nA for 20-50 msec. L· 
aspartate was added continuously at -2 to -3 nA. and the addition 
was interrupted by switching to + 3 to + 10 nA for 20-40 msec. 
Addition of repellent or removal of attractant gave the same response. 
The graph was constructed from 169 records containing 2785 events 
obtained with seven different cells: 397 points 11:re displayed: 86 of 
the records were from addition of repellent, 83 from removal of 
attractant. 
in Figure 38. The responses to the addition of ben-
zoate and to the removal of aspartate were similar. 
The repellent response resembled an inverted attrac-
tant response. with a similar time course and biphasic 
character. The cells responded to the addition of 
benzoate and nickel chloride on a slightly shorter time 
scale than they did to the removal of aspartate (data 
not shown). 
The pulses used represented true impulses, as in-
dicated by the following experimental criteria: pulses 
were adjusted to be close to, but generally above, 
threshold fvr a response; in a trial experiment, stimuli 
of lower amplitude resulted in a smaller probability of 
a change in directional bias, but gave an impulse 
response with the same time course; and cells with 
different thresholds, exposed to pulses of different 
amplitude and duration, also gave an impulse re-
sponse with the same time course. Finally, a theoret-
ical calculation of the diffusive wave (Segall et al., 
1982) showed that for the 20-40 msec pulses used 
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with wild-type cells, the change in chemoreceptor 
occupancy had fallen to less than 3% of its maximum 
value by 200 msec after the onset of the pulse, long 
before the end of the response was observed. 
As stated above, the impulse response has predic-
tive value when the system operates in a linear do-
main-that is, when responses to different stimuli add 
algebraically to give the overall response. In this do-
main, the response to an arbitrary stimulus is given by 
the convolution of that stimulus with the impulse re-
sponse (Papoulis, 1977), a process that decomposes 
the stimulus into an infinite set of impulses of appro-
priate magnitude and timing and adds their responses 
together. For the simple case of the response to a 
step, the convolution reduces to the integral of the 
impulse response with time. The extent to which such 
a convolution predicts the system response is a mea-
sure of the linearity. In Figure 4, the measured re-
sponse of wild-type cells to a small step change in 
concentration of an attractant is compared with the 
response predicted by integration of the impulse re-
sponse; the agreement is satisfactory. 
Does the response to an impulse depend on the 
initial state of the flagellar motor? That is, does it 
matter in which direction a cell happens to be spinning 
when it is stimulated? To answer this question, we 
separated the data into two parts: one containing 
those records for which the cell was spinning CW at 
a given instant, and another containing those for which 
the cell was spinning CCW at that instant. If this is 
done for an arbitrary time, to. the records will be 
autocorrelated around that time in both directions. For 
example, if a cell happened to be spinning CCW at 
time to. it is likely that it was also spinning CCW for 
times close to to. For CCW intervals that are distributed 
as exp( -k,t) and CW intervals distributed as 
exp( - k,t), where k, and k, are the run and tumble rate 
constants, respectively, the autocorrelation function 
decays as exp{-(k, + k,)lt - tol). This effect is seen 
in Figure SA. Both curves decay symmetrically to the 
baseline with similar time constants. The small differ-
ence in baseline for the two curves is a reflection of 
the fact that records chosen for cells that happen to 
be spinning in a given direction at an arbitrary time 
are more likely to belong to cells that are generally 
biased in that direction. If, however, the time t0 is 
chosen to coincide with the time of the pulse, an 
intriguing result is obtained, as seen in Figure SB. The 
two curves are back-correlated, as in Figure SA, but 
now they follow an identical time course once cells 
that were spinning CW have had time to change their 
direction of rotation-that is, after an interval equal to 
the response latency. (The somewhat larger disparity 
in baselines for Figure SB relative to Figure SA also 
reflects the way in which the records were chosen, 
and is not statistically significant.) This implies that the 
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Figure .C. Small-Step Response of Wild-Type Cella 
The probability of spinning CCW Is shown as e function of time, with 
stimufl given at 5 sec: (step marl<). The data -e smoothed, as 
deScribed In the Experi mental Procedures. The response to .a small 
step Increase In concentration of attractant (dotted line) Is compared 
with the response predicted from Integration of the impulse response 
(aolid line). The pipette contained 0. 1 mM L-aapartate. Stepa were 
generated by switching the current from 0 to a value of -3 nA and 
maintaining that value for at least 1 O sec. The experimental probability 
function was constructed from 34 records containing .C 1 7 events 
obtained with a single ceU; 209 points . are displayed. The impulse 
response was Integrated from the beginning of the step onward in 
accordance with the convolution theorem (see text). The choices of 
baseline and amplitude for the predicted curve are arbitrary; they 
were scaled to match the baseline and amplitude of the experimental 
data. The impulse response used was similar to that shown in Figure 
3A. It was derived from 237 records containing 4585 events obtained 
with 11 different cells. 
motor, and that the mechanism responsible for the 
impulse response overrides the mechanism that gen-
erates spontaneous reversals. 
Reversal Rate during Impulse Responses 
As noted in the legend to Figure 1, the density of 
points along the time axis of the probability function 
provides an estimate of the average reversal rate. 
Such an estimate is shown in Figure 6, together with 
the repellent response from which it was derived. 
Once again, fluctuations around the baseline reflect 
the underlying statistical process; here, the amplitude 
of the fluctuations obeys a distribution related to the 
Poisson distribution, with a characteristically large 
variance. During the initial phase of the response, the 
reversal rate rose sharply, to a value of greater than 
3 reversals/sec/cell, a consequence of the fact that 
cells that happened to be spinning CCW at the time of 
the pulse changed their direction of rotation within a 
narrow time interval. Shortly after the response mini-
mum, the reversal rate fell to its lowest value, of 
approximately 0.3 reversals/sec/eel!: the reversal 
rate is actively supressed during the response. A 
subsidiary peak in the reversal rate occurred during 
the overshoot, whereafter the rate returned to its initial 
value. Reversal rates for attractant responses were 
nearly identical, but showed a somewhat less pro-
nounced initial peak (1.5 reversals/sec/cell; data not 
shown). We will return to these data later when we 














Figure 5. Stimulation during Either a CCW or a CW Interval 
(A) The individual records used to compute Figure 3A -e separated 
Into two groups: those for cells that were rotating CCW (solid line) 8 
sec alter the pulse (at 13 sec; vertical line). and those that were 
rotating CW (dotted line). These groups -e averaged separately to 
yield the graphs shown. The probability of being in the CCW or the 
CW mode Is unity at 13 sec and decays exponentially in either 
direction to the baseline, es determined by the autocorrelation func-
tion (see text). 
(8) The same records were separated into two ditterent groups: those 
for cells that were rotating CCW (solid line) at the time of the stimulus 
pulse (5 sec; vertical line). and those that were rotating CW (dotted 
line). Both probabilities decay bacl<wards in time , as in (Al. but now 
the curves are nearly identical for times greater than 5.2 sec-that 
Is, after an interval equal to the response latency. 
Impulse Responses of Mutant Cells 
The impulse response was determined for several 
generally nonchemotactic mutants, provided by J. S. 
Parkinson. Where possible, mutants with nonpolar 
deletions were used to ensure the null phenotype. The 
attractant response of cells carrying cheR-cheB dou-
ble deletions is shown in Figure 7 A. These mutants 
lack genes for both the methyltransferase and the 
methylesterase; they are defective in adaptation. Nev-
ertheless, they have about the same directional bias 
as the wild-type and respond to large-step stimuli. 
Their impulse response was similar to that of the wild-
type (Figure 3A); however, the initial peak was longer, 
and the undershoot was substantially smalle;, in the 
mutant cells. The degree of undershoot varied from 
cell to cell; when examined individually, the cells 
whose average response is shown in Figure 7 A 
showed different degrees of undershoot, ranging from 
none at all to a size comparable with thal of the wild-
type. 
Mutants in cheZ have a large CW bias, high re-
sponse thresholds and abnormally long response la-
tencies (Parkinson, 1978; Parkinson and Parker, 
1979; Segall et al., 1982). Very short impulses of L-























3 5 7 9 
Time (sec) 
Figure 6. Reversal Rate during the Impulse Response 
(Al The Instantaneous reversal rate for cells undergoing an impulse 
response. plotted as a function of time . Note the expanded time scale. 
The reversal rate was calculated from the density of points along the 
time axis In the data summarized in Figure 36. 
(Bl The curve of Figure 36, shown on the same expanded time scale 
for comparison. Data were smoottied. 
somewhat longer pulses proved effective, with the 
result shown in Figure 78. The response latency was 
highly variable, ranging from 0.2 sec up to 5 sec or 
more. Typically, a cell changed its direction of rotation 
from CW to CCW after a relatively long (but variable) 
latency, spun CCW for a period of less' than a second 
and then exhibited a few brief CCW intervals over the 
next 5 sec, before returning to its initial (CW) behavior. 
In some cases, responses continued over a much 
longer time period. Note (Figure 78) that the response 
failed to return to baseline even 15 sec after the pulse. 
The low peak probability for CCW rotation apparent in 
the figure arose for the following reasons: some cells 
responded to every pulse, but with a variable time 
course, so that peak responses failed to add together 
in phase; and some cells responded with a probability 
less than unity-they continued to respond over the 
course of the experiment, but not to every pulse. 
Mutants with cheB deletions are missing the meth-
ylesterase; they have a large CW bias and very high 
response thresholds (Parkinson, 1978; Sherris and 
Parkinson, 1981 ). Mutants with cheR deletions are 
missing the methyltransferase; they have a large CCW 
bias and high response thresholds (Goy et at .. 1978; 
Parkinson and Revello, 1978). The responses of these 
mutants to attractants and repellents are shown in 
Figures 7C and 70, respectively. These responses 
resemb:ed those observed for the wild-type; in each 
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Figure 7. Impulse Responses of !tie che Mutants 
The probability of spinning CCW is shown as a function of time. with 
stimuli given at 5 sec (vertical lines). The data have been smoothed, 
as described in !tie Experimental Procedures. 
(Al Attractant response of cells carrying cheR-cheB double deletions. 
Pipettes contained 10 mM L-aspartate . Pulses were generated with 
currents ranging from -20 to -1 00 nA switched on for periods of 
9-225 msec. The graph was constructed from 167 records containing 
4260 events obtained with 11 different cells; 335 points are dis-
played. 
(B) Attractant response of the cheZ point and amber mutants. Pipettes 
contained 1 mM L-aspartate. Pulses were generated with currents of 
-1 O to -100 nA switched on just long enough to give a response 
(0.2-1 .8 sec). The graph was constructed from 132 records contain-
ing 2034 events obtained with five different cells: 339 points are 
displayed. 
(C) Attractant response of a cell carrying a cheB deletion. Pipettes 
contained 100 mM L-aspartate. Pulses were generated with a current 
of -100 nA switched on for 200-300 msec. The graph was con-
structed from 1-4 records containing 248 events obtained with a single 
cell . The mutant was CW-biased: noise in the baseline arose from 
occaaional spontaneous reversals. 
(0) Repellent response of a cell carrying a cheR deletion. Pipettes 
contained 1 00 mM nickel chloride. Pulses were generated with cur-
rents of + 2 nA switched on for 20 msec. The graph was constructed 
from 19 records containing 63 events obtained with a single cell. The 
mutant was CCW-biased; points on the baseline represent rare spon-
tanaoua reversals. 
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greater amplitude of this peak and the lack of under-
shoot (or overshoot) in the mutant cells may simply 
reflect the altered range available for changes in di-
rectional bias. A run-biased cheR point mutant 
(cheR202) gave a simi lar response to the cheR dele-
tion mutant (data not shown). Mutants in cheB proved 
extremely hard to excite: only a small fraction of the 
cells responded reproducibly to stimulation by L-as-
partate, even with relatively high concentrations in the 
pipette. 
The records for the cheR-cheB and cheZ mutants 
were separated into two groups: those corresponding 
to cells that were stimulated while spinning CW, and 
those that were stimulated while spinning CCW. Al-
though the probability functions differed from mutant 
to mutant (data not shown), it was clear in these 
mutants, as well as in the wild-type (Figure 5), that the 
mechanism determining the response to an impulse 
overrides the mechanism that generates spontaneous 
reversals. 
Discussion 
A conceptual distinction has been drawn in bacterial 
chemotaxis between excitation and adaptation (Goy 
et al. •. 1978; Springer et al., 1979). While the addition 
of an attractant or repellent causes an almost imme-
diate response (excitation), that response gradually 
disappears with time. even if the attractant or repellent 
is still present (adaptation). In most cases, adaptation 
is complete: the behavior of the cell does not depend 
on the ambient concentration after a sufficiently long 
period of time (Macnab and Koshland, 1972; Tsang 
et al., 1973). There are some exceptions: for example, 
when cells in motility medium are exposed to serine 
(Berg and Brown, 1972), or when enough weak acid 
is added to cells in an acidic medium to perturb 
seriously the cytoplasmic pH (Kihara and Macnab, 
1981 ). For the relatively large stimuli used in previous 
work, the time required for a cell to respond (the 
response latency) is about 0 .2 sec (Segall et al., 
1982). However, the time required for a cell to adapt 
(the adaptation time) ranges from several seconds to 
several minutes, depending on the magnitude of the 
change in receptor occupancy (Spudich and Kosh-
land, 1975; Berg and Tedesco, 1975). These char-
acteristic times are so different as to suggest that the 
pathways for excitation and adaptation are d istinct. 
This notion is supported by the observation that cells 
carrying mutations in the cheR gene have normal 
response latencies (Segall et al., 1982) but fail to 
adapt (Goy et al., 1978; Parkinson and Revello, 
1978). Alternatively, the disparity in characteristic 
times for excitation and adaptation might be an artifact 
of the step-stimulus paradigm, in which a large 
change in concentrat ion rapidly drives the system into 
saturation. Measurements of the impulse response 
have allowed us to characterize the behavior of cells 
in the small-signal domain. Our results suggest that 
the bacterial sensory system is matched to the task 
that it is required to perform. Both ·excitation- and 
adaptation-related phenomena occur on a time scale 
of seconds. The initial events in signal processing are 
similar in wild-type cells and in cells unable to meth-
ylate or demethylate, or both; however, they are mark-
edly different in cells carrying cheZ mutations. 
Characteristics of the Wild-Type Response 
The impulse response shown in Figure 3A has a 
substantial width; it persists for about 4 sec. This 
means that a cell integrates stimuli that have occurred 
over the past few seconds in determining its present 
bias: variations in concentration that occur on a time 
scale much shorter than this average out. This is 
characteristic of a low-pass filter, a device that passes 
low frequencies in preference to high frequencies. 
The impulse response also is biphasic; one lobe is 
above the baseline and the other is below it. This 
means that the cell is sensitive to changes in concen-
tration that have occurred over the past few seconds: 
variations in concentration that occur on a time scale 
much longer than this also average out. This is char-
acteristic of a differentiator, or high-pass filter, a de-
vice that is sensitive to changes in input-that is, that 
passes high frequencies in preference to low frequen-
cies. If the areas of the two lobes are equal, the output 
returns to its initial value after a stepwise change in 
input, as illustrated in Figure 4; the device is fully 
adaptive. In summary, the impulse response has band-
pass properties; the cell is maximally sensitive to 
frequencies at which the low-pass and high-pass con-
tributions overlap. 
We could carry this analysis further by exposing the 
cell to sinusoidal stimuli and measuring the amplitude 
of the resultant swings in rotational bias as a function 
of frequency. But this is not necessary, because an 
equivalent result is obtained by decomposing the im-
pulse response into its spectral components by means 
of the Fourier transfom1 (Papoulis, 1977). A Bode 
(log-log) plot of th is spectrum, shown in Figure 8, 
shows the bandpass properties. The system has a 
maximum pass frequency at 0 .25 Hz, corresponding 
to a time span of 4 sec. A decomposition of the system 
into constituent filters is done by matching the slopes 
on either side of the pass frequency. Positive slopes 
indicate high-pass characteristics, and negative 
slopes indicate low-pass characteristics. The steeP-
ness of the slope determines the sharpness of the 
frequency cutoff: an asymptotic slope of 20n dB/ 
decade indicates an nth order filter. The wild-type 
sensory system behaves roughly as a first order high-
pass filter in cascade with a third order low-pass filter. 
The 4 sec bandpass time implies that the system is 
maximally sensitive to changes occurring with this 
periodicity. This bandpass covers the range of fre-
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Fioure 8. Fourier Transform of the Wild-Type Response 
A Bode plot-log,o(amplitude) versus log,o(frequency)-of the ab-
solute magnitude of the complex Fourier transform of the impulse 
response shown in Figure 3A. The transfonn peeks et approximately 
0.25 Hz.. corresponding to a bandpass centered at 4.0 sec. Slopes of 
+20 dB and -60 dB ere shown for reference. The response system. 
if linear. is approximated by a first order high-!)ass filter in cucade 
with a third order low-pass filter. The response array of 1024 points 
was digitally filtered prior to transformation to reduce hlgl\-frequency 
contamination. Low-frequency trends were eliminated by subtracting 
out the baseline determined by a leest-sQuares fit to the data obtained 
before and well after the response. The solid line is the transform of 
a nonlinear least-squares fit to the impulse respanse of a sum of four 
exponentials. 
swimming in a spatial gradient. As we noted earlier, a 
swimming cell executes a random walk with steps 
(runs) averaging approximately 1 sec. The concentra-
tion rises and falls as the cell moves up and down the 
gradient; frequencies on the order of 0.25 Hz are 
prominent. 
As noted above, the distributed nature of the im-
pulse response indicates that cells make use of infor-
mation over a time span extending at least 4 sec into 
the past. The Fourier analysis shows that they weight 
spectral components of stimuli with periods around 4 
sec most heavily. Thus, while it can be said that a cell 
has .. memory,· · it does not have a memory character-
ized by a single decay time. A time span of 2 sec is 
roughly equal to the persistence time of a cell swim-
ming in a spatial gradient-that is, the mean time 
during which there is a component of cell motion up 
the gradient (Macnab and Koshland, 1973; Lovely 
and Dahlquist, 1975). This is another way of saying 
that the sensory system is optimized to sense those 
changes in concentration encountered when the cell 
swims in a gradient. 
The question of memory time in bacterial chemo-
taxis has been addressed before. The long relaxation 
times for adaptation to steps in concentration imply a 
kind of "memory" in the limited sense that prior to 
adaptation, the cell continues to respond to a change 
made in the past (Macnab and Koshland, 1972). 
Adaptation times, however, are a function of the stim-
ulus size CSpudich and Koshland, 1975; Berg and 
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Tedesco, 1975) and do not point to a particular char-
acteristic memory time, t,,.. Memory is not .. useful" if 
it extends so far into the past that the information 
retained is not relevant to the current trajectory of the 
cell (Macnab and Koshland, 1973). Computer simu-
lations of cells swimming in a spatial gradient show 
that a long memory is clearly detrimental (Brown and 
Berg, 1974). For cells with a memory that decayed 
exponentially with a time constant tm. the rate of drift 
up the gradient fell off exponentially with a time con-
stant of the order of 2t,, where t, is the mean run 
interval. For values of tm > St,, chemotaxis was essen-
tially abolished. 
Why should the mean run interval be about 1 sec? 
On the one hand, runs must be long enough to allow 
the cell to sense changes in concentration in the 
presence of random fluctuations (noise); the precision 
with which such changes can be sensed improves 
with the square root of the measurement time (Berg 
and Purcell, 1977). On the other hand, the runs must 
not be so long that the curvature induced by rotational 
Brownian movement causes the cell to deviate signif-
icantly from its path before the measurement is com-
plete. For a cell the size of E. coli, this is a serious 
problem for times on the order of 1 O sec (Brown and 
Berg, 197 4). The mean run interval must be shorter 
than this, so that when favorable runs are extended, 
they still fall within this limit. Hence the optimum run 
interval is determined by these physical constraints. 
Modulation of a Two-State System 
Very little is known about the machinery that gener-
ates the impulse response, but it is known that the 
baseline behavior of the cell involves random switch-
ing between two rotational modes. The underlying 
events that terminate CCW and CW intervals have 
constant probabilities in time. The simplest model that 
has this property is a two-state system, in which the 
states dictate either CCW rotation (runs) or CW rota-
tion (tumbles). These states might represent alternate 
configurations of a protein that determine the direction 
of rotation, the binding and unbinding of a ligand on 
such a protein, or the like. Transitions between the 
two states are governed by first order rate constants 
k, and k,, which are the probabilities per unit time of 
terminating a run or a tumble, respectively. 
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In this system CCW intervals are distributed as 
exp(-k,t) and CW intervals are distributed as 
exp(-k,t). If k, is greater than k,, the motor spends 
most of its time in the tumble mode; if k, is greater 
than kn the run mode predominates. In general, if both 
k, and 1<1 are large, the reversal rate is high; if both k, 
lmpulae R"""°"*'8 in Ba<:teriai Chemotaxia 
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Figure 9. Rate Constanta for the Two-State Model 
The rate constants I<, (eolld line) and I<, (dotted line) computed for the 
lmpuiae responae ol Figure 3A and shown aa a fur>Ction ol time. Note 
that I<, and I<, are anticorTelated during the positive phase ol the 
Impulse responae, which lasts about 1 sec, aa well aa during the 
subeequent underahoot. The retallveiy high noise ieY9I rellects the 
larQe atatlstlcai variance In the reYerUi rate. This graph was prepared 
from the impulse response, lta time derivative and the instantaneous 
,_,,,..i rate, aa described in the text; see &Quetions (3) and (4 ). 
and k, are small, the reversal rate is low. We suppose 
that the sensory system modulates I<, and k,. The 
changes that occur during the impulse response can 
be derived from measurements of the probability of 
spinning CCW and the reversal rate, as outlined in 
Experimental Procedures. The results are shown in 
Figure 9. During the initial phase of the response, k, 
rises and k, drops. During the undershoot, k, exceeds 
kb and tumbles are transiently favored. The response 
to a repellent gives essentially the same result, but 
with the roles of k, and k, interchanged (data not 
shown). If the cell actually works in this way, k, and k, 
must be controlled jointly by the sensory system, and 
they must be modulated in an antagonistic manner. If 
this modulation is to override the steady state reversal 
behavior, as implied by the results in Figure 5, the 
mechanism that controls the rate constants must act 
quite rapidly. Cells with different unstimulated biases 
(and different mean CCW and CW rotation intervals) 
give impulse responses with virtually identical time 
courses (data not shown). This suggests that the 
mechanism that controls the rate constants is quite 
similar from cell to cell, but distinct from the mecha-
nism that sets the prestimulus values of these con-
stants. The latter mechanism has a large biological 
variability (Berg and Tedesco, 1975; Spudich and 
Koshland, 1976). 
Characteristics of Mutant Responses 
It should be possible through the analysis of generally 
nonchemotactic mutants to work out the functions and 
interrelationships of different components of the sig-
nal-transduction pathway (see Parkinson, 1981; Boyd 
and Simon, 1982). One needs a combined assault 
with the use of genetics, biochemistry and physiology. 
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Although a great deal has been learned with slower 
methods, our results show that impo~ant physiologi-
cal events occur on a relatively short time scale: a 
time scale not accessible to those methods. Defects 
in some mutants are so severe that the cells fail to 
respond to any stimuli; these strains are not amenable 
to the analysis undertaken here. Fortunately, other 
che mutants do respond, to varying degrees, and we 
have begun by examining some of these. 
The impulse response of cells with a cheR-cheB· 
double deletion shown in Figure 7 A is similar to that 
of wild-type cells (Figure 3A). It begins at roughly the 
same baseline, has essentially the same rise time and 
follows a similar time course for the first second or so, 
but it does not have as large an undershoot. As noted 
in the Results, this feature varied from cell to cell. The 
lack of a pronounced undershoot, on the average, for 
the mutant implies that it lacks some of the high-pass 
(adaptive) properties of the wild-type strain. This was 
confirmed through measurements of responses to 
small-step stimuli that unlike those for wild-type cells 
shown in Figure 4, failed to return to the baseline (in 
10 sec, the longest period studied). These responses 
agreed with those predicted by convolution of a step 
stimulus with the mutant impulse response (data not 
shown). 
The diminution in the undershoot is correlated with 
the absence of the enzymes that methylate and de-
methylate the MCPs. Therefore, it is likely that this 
aspect of the impulse response is caused by increased 
levels of methylation that accompany an increase in 
the concentration of attractant. This suggests that a 
transient burst of methylation initiated by the impulse 
feeds back in such a way as to depress the CCW bias. 
We would expect these mutants to possess some 
chemotactic ability. As the cells move up a gradient, 
however, their CCW bias will become so great that the 
run intervals will soon exceed the limits of usefulness 
imposed by rotational Brownian movement (see 
above). In this limit, the cells will no longer be chem-
otactic. It is possible, at least in theory, to perform 
chemotaxis in the complete absence of adaptation. 
Runs up the gradient of an attractant will still be 
longer, and runs down will be shorter. In this case, 
however, chemotaxis will only be effective over a 
limited range in concentration, a range over which the 
rotational bias of the cell remains unsaturated and run 
lengths do not exceed the Brownian limit. Cells carry-
ing cheR-cheB double deletions do, in fact, form 
chemotactic rings on soft agar containing tryptone 
(data not shown). These rings, although much smaller 
than those produced by wild-type cells, are substan-
tially larger than swarms formed by completely non-
chemotactic strains, such as cheY or cheZ. The pos-
sibility remains that the cells carrying cheR-cheB 
deletions are in fact adaptive, but only over a time 
span much longer than that probed by our measure-
ments. (For examples of adaptation to other attrac-
tants not involving methylation, see Niwano and Tay-
lor, 1982.) 
Cells carrying mutations in either the cheB or cheR 
genes also have impulse responses that resemble that 
of the wild-type, at least for the first second or so 
(Figures 7C and 70). The shape and duration of the 
first lobes are much the same, hut any undershoot or 
overshoot is obscured by the baseline biases, which 
are almost exclusively CW or CCW, respectively. We 
conclude that the mechanisms responsible for gen-
erating the first lobe of the impulse response do not 
involve methylation or demethylation. 
The cheZ mutants appear to be defective in exci-
tation and to have a very long "memory time." The 
response shows a long rise time and a very slow 
recovery (Figure 78). An undershoot, if it exists, did 
not develop on the time scale of our measurements. 
Short impulses of the kind used to stimulate wild-type 
cells had essentially no effect. Longer pulses (still 
short on the time scale of the response) set in motion 
a characteristic seQuence of brief CCW bursts; some 
of these seQuences lasted for many seconds. The 
response did not return to baseline, even 15 sec after 
the onset of a pulse. As noted earlier, a cell that 
averages temporal information with such a long time 
base cannot be chemotactic, because the older infor-
mation is not relevant to the current trajectory. There 
exist cheZ-cheC double mutants that fail to move up 
gradients, even though their tumbling rates are normal 
(Parkinson and Parker, 1979). They are likely to be 
nonchemotactic both because of a slow response and 
because of an excessive memory time. 
Preliminary measurements of responses of cheZ 
mutants to step stimuli did not agree with those pre-
dicted by convolution with the impulse response. The 
discrepancy might be due to long-range behavior 
occurring outside the time domain that we investi-
gated, to a nonlinearity in the cheZ response or to the 
fact that the limited amount of step-stimulus data 
available was not representative of the population of 
cheZ cells as a whole. Further work on these mutants 
is in progress. 
Epilogue 
In a recent review, Boyd and Simon (1982) discussed 
the implications of evolution for chemotaxis. They 
suggested that chemotaxis initially arose as a re-
sponse to a transient change in the cellular state (such 
as perturbation of pH or protonmotive force). Cellular 
mechanisms of homeostasis restored that state, thus 
providing a primitive form of adaptation within a limited 
range. Other mechanisms of adaptation, involving 
methylation, developed later, allowing adaptation to 
occur over a wider dynamic range. The components 
of this system then became sensitive to specific sen-
sory inputs. Our data on responses to aspartate are 
consistent with this view. Even without methylation or 
demethylation, E. coli has the ability to integrate in-
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formation over lengths of time comparable with the 
duration of a run and has a limited capacity to adapt. 
The imperfections inherent in this process might have 
been compensated for by the development of a system 
that restores the rotational bias of the motor, so that 
a cell that has drifted up a gradient remains able to 
respond. Reversible carboxymethylation of the MCPs 
might provide a basis for such a system, with the 
primary function of range adjustment. In any event, it 
is clear from our results that E. coli contains sophis-
ticated machinery for chemotaxis. This machinery 
processes sensory information over a time span of a 
few seconds, making maximal use of the information 
available. The iontophoretic technique provides a 
means of defining the physiological properties of mu-
tants with defects in this machinery, and thus of learn-
ing more about how signal transduction works. 
Chemleai. 
a-Methyl-o.L-aspartate and D,L-leocine -re obtained from Sigma; 
other L-atnino acids (A grade) were obtained from Calbiochem: nickel 
chloride was obtained from Fisher: benzoic and lactic acids (reagent 
grade) were obtained from Mallinckrodt: and thorium chloride was 
obtained from ICN-K&K Pharmaceuticals. Tetraethylpentamine (te-
tren: technical grade) was obtained from Aldrich and purified &ccord-
ing to the method of Reilley and Vavoulis (1959). 
Bacterial Strelna 
The wild-type strain was AW405, an E. coli K 12 derivative auxotrophic 
for threonine. leucine and histidine, obtained from J. Adler (Armstrong 
et al., 1967). Mutant strains were: cheR deletion, RP4968: che8 
deletion, RP4972: chaR-cheB double deletions, RP1273 (Sherris 
and Parkinson. 1981 ). RP4969. RP4970: chaZ point mutants. 
RP5007 (cheZ293J and RP5008 (cheZ2 78) (Parkinson, 1 978). All 
cha mutants were provided by J. S. Parkinson. 
"'-8tion of Tett>ered c.ii. 
Cells were grown to saturation in a minimal growth medium containing 
glycerol and essential amino acids (Hazelbauer et al. . 1969). diluted 
1: 1 00 and grown again in the same medium, and harvested at mid-
exponential phase. The cells were grown at 35°C in a rotary incuba-
tor: cotlecled by centrifugation; washed once or twice in a motility 
medium containing 90 mM NaCl. 10 mM KCI. 10 mM Tris-Cl (pH 7.0 
at 32°C). 1 O mM sodium lactate. 0 . t mM tetren and 0.001 mM 
methionine: and resuspended in this medium at one-fifth the original 
volume. The cells were sheared by passage of this suspension 60 
times bei-en two syringes equipped with 26-gauge needles con-
nected with an 8 cm length of polyethylene tubing (0.58 mm internal 
diameter). The cells were washed twice more. and tethered to a 
c:overalip as described by Berg and Tedesco (1975). 
Oeta Acquialtlon 
The coverslip to which the cells were tethered was sealed to the 
bottom of a stainless-steel chamber mounted on the stage of a phase-
contrest microscope. The cells were viewed through a 40X water-
lm!M<Sion objective (Zeiss). Both the stage and the objective were 
heated to 32.0°C. The objective was thermally and electrically iso-
lated from the microscope body. The preparation was slowly perfused 
with motility medium during the entire experiment. lontopl>oretic pi-
pettes filled with motility medium containing 0.0t mM thorium chloride 
and either atrractants or repellents were prepared as described by 
Segall et al. (1982). Pipette resistances were 1 5-50 megohms. A 
current4njection c ircuit (Dreyer and Peper. 1974) was used to pass 
current (1-200 nA) through the pipettes via Ag/ AgCI wires. Control 
experiments. in which no attractant or repellent was added to the 
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medium in the pipettes, yielded no response (Segall et al., 1982). The 
microscope was equipped with an optoelectronic device that extracts 
the x and y coordinates of the cantroKl of the image of a spinning 
cell, X • sin(...C) and y • sin(wl ± .). where "1 is the anQUlar velocity 
of the ce!1 and • is a 90° phase shift , the siQn of wllich indicates the 
hancledness of the rotation (apparatus of Kobayasi et al., 1977, as 
modified by Berg et al., 1982). Celis that were monitored with this 
device met several criteria: they were tethered around a point near 
one end; they rotated with a regular, circular motion; their center of 
rotation did not change appreciably when they underwent reversals; 
and their angular Yelocity was between 5 and 12 HL CeHs were 
stimulated about once a minute. Records of the x and y coordinates 
were made on a strip-cllart recorder (Gould Brush 220; run at 25 
mm/sec), together with event marlr.ers indicating the sign of • and 
the timing of the stimulus current, as illustrated in Figure 1 of SeQaU 
et al. (1982). The positions of the phase discontinuities, evident in 
the x and/or y signals, were digitized with a strip<:hart digitizer built 
for the purpose. The data, a list of numbers representing the times of 
CW-to-CCW or CCW-to-CW transitions, measured relative to the 
onset of the stimulus, were stored as records In a POP 11 I 3-4 
computer for subseQuent analysis. These numbers were accurate to 
within about 55 msec, with errors arising from delays due to the 
electronics, from uncertainties in the positions of the phase disconti-
nuities on the strip<:hart records or from random slippage of the 
paper in the digitizing apparatus. 
Oat. Analysis 
Over 1700 records, containing more than 35,000 events. were digi-
tized in all. An array of computer programs was developed to collate, 
analyze and display data reduced from these records. Each record 
contained a list of numbers corresponding to the times at which 
reversals in tt.e direction of rotation occurred. A chronological list of 
all such numbers in a set of n records was compiled by concatenating 
the records and sorting the numbers with the Shell-Metzner algorithm 
(see, for example, Wirth, 1976). A function was constructed whose 
Initial value was taken to be equal to the total number of records in 
which the cell was spinning CCW at time zero. The value of the 
function for subsequent times was computed by changing the pre-
vious value by unity at every reversal : + 1 for a CW-to-CCW transition, 
-1 for a CCW-to-CW transition. An estimate of the probability of 
spinning CCW was obtained by dividing all the values in this function 
by n (Figure 1 ). Prior to d isplay, this probability function was paased 
to a cubic spline-fit smoothing routine (Reinsch, \967 , 1971 ), which 
fits an array of cubic segments to the data. The endpoints of each 
segment are constrained to pass close to (but not necessarily through) 
the data, in such a way that the spline-lit curve fits the data in a least-
squares sense. A smoothing parameter, specifying a -;( measure of 
the lit, governs the degree of smoothing. The routine was used to 
smooth data and to perform interpolation (see below). 
The (uneven) density of points along the time axis in the probability 
function P<Ovided a measure of the total number of reversals occurring 
in the group of records at any instant. The averege number of 
reversals per second per cell is this density divided by n. The density 
was computed by counting the total number of events up to a given 
time, and treating that number as a function of time. The time deriv-
ative (slope) of this curve gives the density of reversals. The derivative 
was computed by fitting the function with cubic splines, the coefficient 
of the linear term for each cubic giving the derivative. Smoothing was 
used to eliminate discontinuities in the density function. 
The two-state model described in the tex1 can be solved to give 
the fraction of time that a cell runs, f,, and the reversal rate, p . When 
the sys1ern is at equilibrium, one obtains f, • l<,/(I<, + l<J and p • 
21<.l<,/(I<, + l<J. Even when the system is out of equilibrium, these 
ciuantitiea can be derived from a knowledge of f0 Its time derivative, 
df,/dt, and p. Since 
df,/dl - -I<,/,+ 1<~1 - f,) (1) 
and 
p - I<,/, + 1<~1 - (,), (2) 
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It follows that 
p - df,/dt 
"· - --2-,-. -
and 
p + df,/dt 
,.,_ 2(1 -f,) . 
(3) 
(4) 
The rate constants in Figure 9 were calculated according to equations 
(3) and (4) with the use of the impulse response, its time derivative 
and the reversal rate. The impulse response and reversal rate were 
determined as previously described. The time derivative of the im-
pulse response was obtained from the cubic spline-lit to the rotational 
data by a method similar to that described for the reversal rate. Both 
the l""'9f1l8l rate and the Impulse response data were smoothed prior 
to the computation; no smoothing was performed on the result. 
The Fourier transform of the impulse response was performed on 
an array of 1024 points with a Fast Fourier Transform Module (Digital 
EQuipment Corporation). The magnitude of the transform was com-
puted from the real and complex parts. The input array of equally 
S!l8Ced points was obtained by Interpolation of 400 unevenly spaced 
points from Figure 3A with the cubic spline-lit smoothing routine. 
Soma smoothing was done to eliminate excessive noise at high 
frequencies. Low-frequency trends were eliminated by choosing a 
baseline and subtracting out the best-fit straight line prior to transfor-
mation. Aliasing was reduced by choosing the length of the trans-
formed record (20 sec) to be close to an integral multiple of the 
Impulse response period (approximately 4 sec). 
The predicted response to a small step was computed by a routine 
that performs.the convolution integral of an experimentally determined 
impulse response with a step function of adjustable amplitude. The 
impulse response was interpolated and smoothed as described 
above, and the integration was carried out numerically by Romberg 
extrapolation (Acton, 1970). 
S. M . B. and J.E. S. contributed eQually to the worlr. . We are grateful 
to Robert Smyth for discussion and for providing computer routines. 
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Chapter III 
FURTHER IMPULSE AND STEP RESPONSE STUDIES 
51 
Soon after submission of the impulse response paper, Steve turned to 
finishing up the paper describing responses of tethered cells to gradual changes 
in attractant concentration generated by a programmable mixer(see Block et al., 
1983).- I continued studying the responses of various strains to impulse and step 
stimuli, while working with Akira on filamentous cells (discussed in the next two 
chapters). This chapter summarizes the unpublished information that I have 
collected. 
Responses of Wild-type Cells 
Attractant Stimuli: L-Aspartate and a-methylaspartate. The accumulated 
responses of wild-type cells to brief pulses of L-aspartate and a-methylaspartate 
are plotted in Text-figure 4. Responses to pulses of a-methylaspartate at 22 or 
32°C and responses to pulses of L-aspartate at 32°C were combined to produce 
this plot. These responses were quite similar, with the possible exception of the 
responses to pulses of a-methylaspartate at 32°C in which the initial lobe lasted 
0.86 sec compared to 1.06 sec for the responses to the other two stimuli (data 
not shown). A possible explanation for this difference is that the responses to a-
methylaspartate at 32°C were from cells adapted to 0.16 mM a-methylaspartate, 
which is roughly the dissociation constant for the receptor. The tar MCP, which 
mediates these responses would have a higher level of methylation. Perhaps the 
altered response kinetics reflect this difference in methylation level. 
The accumulated responses to step increases m aspartate or 
a-methylaspartate are shown in Text-figure 5. The prediction of the step 
response kinetics by the impulse response shown in Text-figure 4 is also plotted 
and fits quite well. The step response shown in Text-figure 5 reflects the time 
course of responses to small step stimuli. Responses to large step stimuli can 
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Text-figure 4. The wild-type attractant impulse response 
The dotted curve shows cumulative responses of strain AW405 to pulses of 
a-methylaspartate or L-aspartate at 22 or 32°C. The pulse begins at 5.06 sec 
(bar). Responses at 22°c were to pulses 0.034 - 0.12 sec long (-50 to -100 nA) 
with l - 7 mM a-methylaspartate in the pipette. Responses at 32°C were to 
pulses 0.12 sec long (-100 nA) with l - 3 mM a-methylaspartate in the pipette 
and 0.16 mM a-methylaspartate in the bath, or to pulses 0.016 - 0.019 sec long 
(-25 to -100 nA) with l mM L-aspartate in the pipette. The graph was 
constructed from 378 records containing 7 ,566 events from 17 different cells. 
The mean bias within a 0.05 sec window was determined and plotted every 
0.05 sec. 
The smooth curve is the fit of a sum of six exponentials to the impulse 
response with the additional constraint that the Fourier transform of the fit 
predict a response amplitude of about 0.2 for a sine wave modulation in receptor 
occupancy of 0.00 l Hz and amplitude 0.265, as described in the text. The 
relative weights of the points in the impulse response were determined by their 
bias values, assuming that fluctuations in bias are normally distributed. The fit 
values were (amplitude and rate constant per sec) a1ik1 = 37.51,1.973; 
a27k2 = -25.76,4.184; a3,k3 = -28.37,1.669; a4,k4 = 12.01,5.768; 






Text-figure 5. Wild-type attractant step response 
The heavy line shows the cumulative response of AW405 to long pulses 
(usually about 12 sec long) beginning at 1.0 seconds (bar). The response to the 
end of the pulse is not shown. Pulse sizes were -3 to -10 nA and the 
concentration in the pipette was 0.1 - l mM L-aspartate or l - 10 mM 
a-methylaspartate. [n most cases there was 0.16 mM a-methylaspartate in the 
buff er. The graph was constructed from 227 records containing 5040 events 
from 10 cells. The mean bias during a 0.05 sec window was determined and 
plotted every 0.05 seconds. 
The light line is the prediction of the wild-type attractant impulse response 
to a step change in receptor occupancy with the amplitude chosen to fit the 
data. The impulse response was smoothed and the baseline bias subtracted 
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have different kinetics if one of the reactions involved in generating the impulse 
response becomes saturated. For example, it is quite likely that the rate of 
methylation becomes saturated with large step changes in attractant 
concentration, giving rise to the long times required for adaptation that were 
observed in earlier studies (Berg and Tedesco, 1975; Macnab and Koshland, 1972; 
Spudich and Koshland, 197 5). 
An estimate of the sensitivity of the chemotaxis system to small step 
changes in attractant concentration could be made from these data if the 
concentration change during the step were known. The concentration change for 
a subset of the responses shown in Text-figure 5 was determined in the following 
way. Pipettes were filled with l mM or 3.3 mM a-methylaspartate. Cells were 
stimulated by long -100 nA pulses at 32°C in the standard buffer containing 
0.16 mM a-methylasparate - this is the apparent dissociation constant for the 
receptor as determined by transition time measurements in Berg and Tedesco, 
197 5; 0.13 mM was determined by Pfeffer assay by Mesibov et al., 1973. The 
a-methylaspartate was added in order to compare the results with the results 
from programmed flows (see below). The amount of attractant released by the 
-100 nA currents was estimated by the transition time (Berg and Tedesco, 1975) 
of tethered cells 5 microns from the tip of the pipettes. Some cells were 
stimulated with the same pipettes by l 0 sec long pulses of smaller amplitude 
(-3 nA to -10 nA) and their responses were recorded. The responses were not 
saturated. Assuming that the amount of attractant released is proportional to 
the size of the current flowing through the pipette, the estimate of release at 
-100 nA by the transition times can be used to estimate the release for the 
smaller currents. Then the size of the averaged response can be compared with 
the estimated change in receptor occupancy due to the average change in 
concentration during the pulses. The peak change in bias in response to this 
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subset of long pulses was about 0.233. The average change in receptor 
occupancy was estimated to be 0.42%. Thus a dramatic change m bias was 
produced by a 0.4% change in receptor occupancy. Since there are 600 to l 000 
tar mole-cules per cell (Clarke and Koshland, 1979; Hazelbauer and Harayama, 
1983), a .4% change in receptor occupancy corresponds to about 3 more tar 
molecules binding. Each molecule binding attractant can cause a change in bias 
of 0.233/3 = 0.08. 
It would be useful to be able to interpret changes in bias in terms of 
changes in run length, because change in run length produces net movement of 
swimming cells in a particular direction. Unfortunately, a direct comparison of 
changes in bias and changes in run length has not been made. The difficulties of 
such a study will be greatly reduced when equipment currently being developed 
in the lab is ready for use. One possible way to get a rough estimate is by using 
data of Doug Brown showing the dependence of run length on rate of change of 
receptor occupancy (D. Brown, thesis; Brown and Berg, 1974), and comparing it 
with Steve's data on the dependence of bias on rate of change of receptor 
occupancy (Figure 6A in Block et al., 1983). From Steve's data the rate of 
change of receptor occupancy for a particular change in bias can be estimated, 
and then the corresponding change in run length for that rate of change in 
receptor occupancy can be gotten from Doug Brown's data. The data are sketchy 
because the experiments were quite difficult. However, I estimate that a change 
in bias of 0.08 (binding of attractant to one more receptor) corresponds to a 
change in run length by a factor of 2 to 4 - about the size of the increase in run 
length that was observed for cells swimming in spatial gradients of aspartate. 
This indicates an exquisite sensitivity to very small changes in the number of 
receptors binding attractant, or equivalently, the fraction of time that receptors 
bind attractant. 
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It is interesting to note that the threshold change in receptor occupancy 
for responses to a-methylaspartate as measured by Pfeffer assay was also about 
.4% (Mesibov et al., 1973). However, this is the total change in receptor 
occupancy between cells inside the capillary tube and those outside far from the 
capillary. The cells actually responding to the spatial gradients established near 
the end of the capillary will be measuring smaller changes in receptor 
occupancy, consistent with the conclusions drawn in the preceding paragraph. 
Knowledge of the sensitivity of the system to a step change in receptor 
occupancy, combined with the use of the impulse response, allows us to predict 
the response to any type of change in receptor occupancy. As discussed in the 
impulse response paper, the response of a linear system to any stimulus is the 
convolution of the impulse response with the stimulus. If only the kinetics of the 
response are desired, the size of the stimulus is arbitrary, because the kinetics of 
the response to a particular stimulus do not depend on the size of the stimulus. 
If one wishes to predict the size of the response, then the size of the stimulus 
convoluted with the impulse response must be calibrated. This can be done using 
the responses to the 0.4% change in receptor occupancy. The size of the step 
that produces a peak change in bias of 0.233 when convoluted with the impulse 
response corresponds to a 0.4% change in receptor occupancy. The convolution 
of a step 1/2 that large with the impulse response predicts the response to a 
0.2% change in receptor occupancy. Convolution of a sine wave of that 
amplitude predicts the response to a sinusoidal change in receptor occupancy of 
amplitude 0.4%, and convolution of a linear ramp that changes by that amount 
every second with the impulse response predicts the response to a linear ramp in 
receptor occupancy with a slope of 0.4% per second. The ramp and sine wave 
predictions can be compared with the measurements made by Steve (Block et al., 
1983) of responses to linear ramps and sine waves of receptor occupancy. 
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Convolution of a linear ramp with the impulse response produces a steady state 
change in bias (data not shown), with the amplitude of the change in bias varying 
linearly with ramp rate, as shown in Text-figure 6A. The slope is quite similar to 
the slope of Steve's data. (The threshold shown by Steve's data is evidence for 
departure from linearity at small ramp rates. A possible explanation for this 
nonlinearity is discussed in Appendix C of Block et al., 1983.). 
An alternate way to study the response of the system to the rate of change 
of receptor occupancy is to measure the response to low-frequency sine wave 
changes in receptor occupancy. The amplitude of the response should be 
predicted by the response to the maximum rate of change of receptor occupancy 
during the sine wave (using the plot of change in bias versus ramp rate). The 
thresholds seen in Figure 6 of Block et al., 1983, and Text-figure 6A should 
produce distortions in the response (which are seen, e.g., Figure 7 of Block et al., 
1983). Convolution of sine waves with the impulse response produces sine wave 
changes in bias (data not shown). The variation in amplitude of the response with 
frequency is given by a Bode plot of the fourier transform of the impulse 
response. Text-figure 6B shows the Bode plot along with the data collected by 
Steve on responses to sine waves. Again there is reasonably good correspondence 
between the prediction of the impulse response and the actual responses, when 
the effects of the thresholds seen in Figure 7 of Block et al., 1983, are 
compensated for. It is clear that although the impulse response can predict the 
general behavior of bacterial chemotactic responses, the nonlinearities reflected 
in the thresholds to linear ramps and the asymmetry of responses to sine waves 
are not predicted by the linear impulse response analysis and give new 
information about the system not contained in the impulse response data. 
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Text-figure 6. Comparison of the predictions of the impulse 
response with responses to linear ramps and sine waves 
A. The data of figure 6A in Block et al., 1983 replotted as change in bias during 
ramp versus rate of change of fraction of receptor occupied. The solid line is 
the prediction of the impulse response. The dashed line is the prediction of the 
impulse response with an offset of 0.15. The slope of both lines is 114 seconds. 
The slope of the best fit line through the data (points equally weighted, the point 
on the far right not included) is 76 seconds. 
B. The Bode plot - log l o(response amplitude) versus log 1 o(frequency) - of the 
absolute magnitude of the complex Fourier transform of the wild-type impulse 
response. The line is the Bode plot of the linefit in Text-figure 3, scaled so that 
the value at 3 Hz is log10(21.l) - the response predicted by the linefit to a 3 Hz 
sine wave in fraction of receptors occupied of amplitude 0.265. The dots are the 
Bode plot of the wild-type impulse response, calculated as described in Block 
et al., 1982, placed by eye over the solid line. The stars show the unsaturated 
changes in bias of cells exposed to sine waves in fraction of receptor occupied of 
amplitude 0.265 (from data in Block et al., 1983). To compensate for thresholds 
in responses(the large threshold to down ramps essentially eliminates responses 
to the portion of the sine wave in which receptor occupancy is decreasing), the 
difference between the maximum and the minimum values of the bias are 
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Attractant Data: D-glucosa.mine. Text-figure 7 shows responses to brief pulses 
of 0-glucosamine at 32°C. The response to 0-glucosamine is probably mediated 
by the mannose enzyme II of the PTS sugar system (Adler and Epstein, 1974). 
The data are preliminary, but the width of the initial lobe is quite similar to that 
for responses to aspartate and a-methylaspartate (shown in Text-figure 4). The 
second lobe, or undershoot, is not visible, but more responses are necessary to 
determine if this adaptive portion of the impulse response is different from that 
in Text-figure 4. The response to 0-glucosamine of a cheZ mutant (RP5007) is 
lengthened, perhaps even more than responses to aspartate are lengthened in this 
mutant (data not shown). The responses of other cheZ mutants to D-glucosamine 
have not been determined. These initial studies suggest that the kinetics of 
chemotactic signalling for D-glucosamine are similar to the kinetics of signalling 
for aspartate, and may reflect a similar mechanism for signalling the f lagellar 
motor. 
Repellent Data. Three types of repellent impulses have been used--addition of 
benzoate or nickel, or removal of aspartate. The accumulated response to all 
three is shown in Text-figure 8 and is quite similar to the attractant impulse 
response in Text-figure 4. All three individual responses had initial downward 
lobes with similar kinetics. The second lobes seemed to have more varied 
kinetics (data not shown), the second lobe of the benzoate response being briefer 
than the second lobe of the nickel response; the data for aspartate removal were 
too noisy to distinguish a second lobe. I noticed that it was important with 
nickel to give pulses of small amplitude, because large pulses would give a 
normal initial lobe, but then an extremely large second lobe, often saturated. 
This probably reflects the asymmetry in the kinetics of adaptation to attractant 
and repellent stimuli. A large nickel pulse could produce a very rapid, large 
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Text-figure 7. Wild-type impulse response to D-Glucosamine 
Cumulative response of AW405 to pulses of D-glucosamine at 32°C starting 
at 5.06 sec (bar). Pulses of amplitude +10 - +100 nA and length 0.019 - 0.029 sec 
long were delivered from pipettes containing 10 mM D-glucosamine. The graph 
was constructed from 115 records containing 2898 events from 3 cells. The 
mean bias during a 0.05 sec window was calculated and plotted every 0.05 sec. 
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Text-figure&. Wild-type repellent impulse response 
Cumulative response of AW405 to repellent pulses at 22 and 32°C. Pulses 
began at 5.06 sec (bar). Pulses were either addition of benzoate or nickel, or 
removal of aspartate. Pulses of amplitude -100 nA and length 0.04 - 0.12 sec 
were delivered with 0.1 Mor 0.2 M benzoate in the pipette. Pulses of amplitude 
+2.5 - +40 nA and length 0.028 - 0.12 sec were delivered with 0.1 - l mM NiC12 
in the pipette. For aspartate, cel~s were adapted to -2 - -6 nA currents from 
pipettes containing l mM L-aspartate and shifts in current to + l - +4 nA for 
0.019 - 0.06 seconds were delivered. The graph was constructed from 465 
records containing 9,644 events from 12 cells. The mean bias during a 0.05 sec 

































demethylation of the tar MCP, and then the remethylation could not occur as 
rapidly, resulting in a very large and long second lobe. 
The only responses to repellent step stimuli available are the responses to 
the shutting off of a long pulse of aspartate(the pulses used to collect the data in 
Text-figure 5). The responses to the beginning and the end of the pulse are 
compared in Text-figure 9. The kinetics of the initial phases of the responses 
are similar, though opposite in sign. However, the adaptation kinetics are 
different. This difference is reflected to some extent in the second lobe of the 
impulse response to benzoate (see Figure 3B of Block et al., 1982), but is not 
very clear in the average impulse response to repellent pulses (Text-figure 8). 
The asymmetry in adaptation kinetics for attractant and repellent steps may 
reflect the asymmetry in response thresholds to linear up and down ramps in 
attractant concentration, discussed above. Those data show the change in bias 
required to activate the methylation or demethylation enzymes in order to keep 
up with the rate of change of receptor occupancy. A positive change in bias 
corresponds to the rate of methylation required to offset a certain rate of 
increase in receptor occupancy. The same negative change in bias corresponds 
to a larger rate of demethylation and a greater rate of decrease in receptor 
occupancy. Thus the methylation rate while the bias is shifted above the steady-
state value is less than the demethylation rate when the bias is shifted an 
equivalent amount below the steady state value, perhaps giving rise to the 
observed difference. 
Mutant Responses 
cheRB deletion strains. The response of cheRB deletions (RP2867 and RP4969) 
to impulse and step stimuli using L-aspartate are shown in Text-figures 10 and 
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Text-figure 9. Wild-type step responses 
The light line again shows the response to a long pulse of L-asparta te or a-
methy lasparta te shown in Text-figure 5, but the pulse begins at 2.56 sec (bar). 
The heavy line shows the response to the end of the pulse, the pulse ending at 
2.56 (bar). The heavy line is constructed from 222 records containing 1,989 
events from 10 cells. The mean bias during a 0.05 second window was calculated 























Text-figure 10. CheRB attractant impulse response 
Cumulative responses at 22 and 32 °c to pulses of aspartate of strains 
containing a deletion of the cheR and cheB genes (RP2867 and RP4969). Pulses 
begin at 5.06 seconds (bar). Pulse amplitudes were -50 - -100 nA and lengths 
were 0.009 - 0.387 seconds. Pipettes containe<;f 3 - 20 mM L-aspartate. The 
graph was constructed from 207 records containing 5t006 events from l3 cells. 





























Text-figure 11. CheRB attractant step response 
Response at 32°C to long pulses of attractant by a strain containing a 
deletion of the cheR and cheB genes (RP2867). Pulses begin at 5.06 seconds 
(first bar). Because pulses of different length (5 - 12 sec) were used in different 
experiments, the cumulative response to the ends of the pulses (second bar) was 
plotted starting at l 0.6 seconds (break in plot). Pulse amplitudes were 0.0 to 
-4.5 nA or -3 to -20 nA. Pipettes contained 2 - 5 mM L-aspartate. The graph 
was constructed from 178 records containing 5,184 events from 6 cells. The 
































11. The impulse response shows only an initial lobe and little or no second lobe. 
Such an impulse response predicts that this strain should not adapt to long pulses 
of L-aspartate. The response to a 5 sec pulse is shown in Text-figure 11 and 
shows no evidence of adaptation. Responses to 11 sec pulses (not shown) also 
show no adaptation. However, this response does provide evidence for a response 
threshold, as described in Chapter 5. The response to the start of the pulse has a 
lag, while the response to the end of the pulse is quite rapid. 
I find that cheRB strains are less sensitive to L-aspartate than wild type by 
a factor of 10 to 100. There are few responses to a-methylaspartate, possibly 
for this reason. All the results described above were obtained with 
L-aspartate. The reason for this decreased sensitivity is unknown. CheB 
mutants show the same decreased sensitivity, implying that this might be 
because the tar MCP has not been modified by the cheB gene product, as 
normally occurs in the wild-type. Whether there is a change in the binding of the 
receptor for aspartate or a decrease in the efficiency of signal transmission 
across the membrane is uncertain. 
CheZ strains. The impulse responses of cheZ and cheZ cheC mutants are very 
similar and have been combined in Text-figure 12. The initial lobe has slower 
rising and falling phases than the wild-type. The kinetics of the second lobe are 
also slower than the wild-type. The responses to small step changes in 
attractant concentration show kinetics consistent with the impulse response 
(Text-figure 13). The response to the start of the pulse rises with a time 
constant of about 3.2 sec and slowly decays, and has not returned to baseline by 
the end of the pulse. The response to the end of the pulse falls with a time 
constant of about 2.3 sec and also returns slowly to the baseline. The anomalous 
results reported in Block et al., 1982, were probably caused by not waiting long 
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Text-figure 12. CheZ and cheZ cheC attractant 
impulse response 
Cumulative response of cheZ cheC(RP2734) and cheZ(RP5006, RP5007) 
mutants to pulses of L-aspartate at 32°C. Pulses begin at 5.06 seconds (bar). 
Pulse amplitudes were -l 00 nA, pulse lengths were 0.67 to 1.24 seconds. 
Pipettes contained 0.3 or l mM L-aspartate. The graph was constructed from 
17 5 records containing 13,65 3 events from 6 cells. The mean bias in a 0.6 second 



























Text-figure 13. CheZ attractant step responses 
Response of a cheZ mutant (RP5007) to long pulses (about 50 seconds long) 
of L-aspartate at 22°c. The responses to the start (heavy line) and end (light 
line) of the pulses are shown with the start or end beginning at 9.06 seconds 
(bar). The response to the end of the pulse was moved down 0.17 so that it was 
separate from the heavy line. Pulse amplitudes were -8 to -20 nA and pipettes 
contained 0.1 or 0.2 mM L-aspartate. The external buffer contained l JJM serine 
or 10 mM L-cysteic acid. (Wild-type cells do not fully adapt to large shifts in 
the concentration of serine, and I hoped to increase the bias of cheZ cells in the 
same way with serine. The L-cysteic acid should block L-aspartate transport 
(Schellenberg and Furlong, 1977) and thus might reduce effects due to uptake and 
metabolism of L-aspartate.) The graphs were constructed from 53 records 
containing about 6,000 events from 3 cells. The mean bias during a 0.6 second 
window was calculated and plotted every 0.3 seconds. 
f3 
CJ) 














enough between pulses. The suggestion that cheZ cheC double mutants were 
nonchemotactic because the kinetics of responses were delayed (Segall et al., 
1982; Block et al., 1982) is most likely correct. 
CheA and cheW strains. These strains rotate CCW continuously and do not 
respond to either nickel or benzoate stimuli. These strains will rotate CW if 
exposed to 10-50 mM acetate at pH 5.5, but I did not attempt to do this with 
iontophoresis. This response requires a large change in the internal pH of the 
cell, and it is unclear what stage of the transduction pathway is affected. 
CheY and suppressor strains. Although most cheY strains tested were identical 
in behavior to the cheA and cheW strains, one strain did respond to nickel pulses, 
with kinetics very similar to the wild-type, although the cells still rotated 
exclusively CCW if not stimulated. Sandy Parkinson has also sent us some cheY 
strains containing extragenic suppressors in the cheC and cheV proteins 
(Parkinson et al., 1983). The strains containing the suppressors have motors with 
a more normal bias, and a variety of attractant impulse response kinetics. Some 
seem very similar to wild-type, while others seem intermediate between wild-
type and cheZ (data not shown). 
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Chapter IV 
COORDINATION OF FLAGELLA ON FILAMENTOUS CELLS 
OF FSCHERICHIA COU 
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This paper introduces the techniques that Akira developed for tethering 
markers to filamentous cells. That task was non-trivial. My contributions dealt 
mainly with theory, and involved the analysis and interpretation of the data, 
along with considerations of the voting hypothesis described in the appendix. 
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latter case that fluctuations occur locally. i.e .. in 
a different manner at each flagellar motor. How-
ever. as shown elsewhere (11 ). any threshold-
crossing mechanism would be expected to gen-
erate CCW and CW interval distributions with 
many long events. whereas the distributions that 
are observed are exponential and do not show 
such events . Again. this behavior is predicted by 
the two-state model 00. 11). 
If the flagellar motors are autonomous, how 
are their filaments able to work synchronously 
in a bundle? Which sets of motor states are 
occupied when cells run or tumble? This prob-
lem is discussed in an appendix. 
MA TE RIALS AND METHODS 
Strains. All strains were derivatives of£. coli K-12 . 
Strain A W405 (wild type) was the gift of J . Alder (24); 
MS778 (jial. no ftagellar structures) . YK4105 (fiaE. 
polyhooksl. and YK4106 (hag. no ftagellar filaments) 
were gifts of M. Simon (16. 29 . 30. 32) ; and TOE! 
\[rsQ. normal growth at 30°C but no septa at 42°C) was 
the gift of K. J. Begg (4). HBl 74 (chemotactic at 42°Cl 
was a derivative of A W405 picked from the edge of a 
tryptone swarm plate at 42°C; wild-type cells grown at 
this temperature have few ftagella C?l. HB9 (fiaE hag) 
and HB162 (fiaE hag ftsQ) were constructed from 
AW405 by Pl cotransduction with his or /eu . HB203 
(fiuE hug jisQ . chemotactic at 42°Cl was constructed 
in a similar manner from HBl 74 . 
Reagents and buffers. All solutions were prepared 
from reagent-grade chemicals and glass-distilled wa-
ter. Chloramphenicol. lysozyme (egg white . crystal-
lized three times). and cephalexin were purchased 
from Sigma Chemical Co. Poly-o-lysine (molecular 
weight. 151.700) and glutaraldehyde (E .M. grade. 8%) 
were obtained from U.S. Biochemical and Polysci-
ence. respectively . Rabbit anti-hook antibody was 
prepared against isolated polyhooks and preadsorbed 
with cells of strain MS778. Tethering buffer was 90 
mM NaCl-10 mM KCl-10 mM potassium phosphate 
(pH 7.0l-0.l mM EDTA. 
Preparation of filamentous cells. Filamentous cells 
were prepared in three different ways. Strain HB9 was 
grown at 35°C in tryptone broth <Difeo Laboratories) 
until early exponential phase. cephalexin (a 13-lactam 
antibiotic) was added (50 µ.g/mll. and the cells were 
grown at the same temperature for another 2 h (13. 26). 
Strain HB162 was grown at 33°C in tryptone broth 
until early-exponential phase and then shifted to 42°C 
and grown for 30 min. Strain HB203 was grown at 30°C 
in tryptone broth until early exponential phase and 
then shifted to 42°C and grown for 1.5 or 2 h. In all 
cases. chloramphenicol was added ( 100 µ.glml), and 
the cultures were held at their final temperatures for 
another 20 min; this prevented formation of septa 
when strains carrying theftsQ mutation were cooled to 
room temperature. 
Preparation of spheroplasts. Spheroplasts were pre-
pared from filamentous cells of strain HB162 and 
HB203 by a method adapted from Onitsuka et al. (25l. 
Cells were washed twice with 50% sucrose (wt/vol) 
and resuspended in the same solution. Lysozyme and 
EDT A were added to final concentrations of 0.09 mg/ 
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ml and L2 mM. respectively . The suspension was 
incubated at 37°C for LO min and diluted LO-fold with 
Penassay broth <Difeo). 
Preparation of markers. Strain HB9 was grown at 
35°C in tryptone broth . The cells were treated with 
0.1 % glutaraldehyde for 30 min . washed three times 
with tethering buffer. and resuspended in the same 
buffer (about 10 10 cells per mil. 
Tethering. Markers were attached to filamentous 
cells that were fixed to a cover slip with poly-o-lysine. 
The cover slip was dipped in poly-o-lysine !0.2 mg/mil 
and air dried . It was then sealed at opposite edges to 
two other cover slips (O .I5 mm thick) greased to a 
glass slide (all with Apiezon L) to form a ftow chamber 
with a volume of about 50 µ.I. When solutions were 
added to the chamber, it was held cover slip up. and 
the eluent was taken up with a piece of filter paper. 
Otherwise. it was placed upside down on spacers in a 
wet petri dish . Fifty microliters of culture medium was 
added, and the filamentous cells were allowed to settle 
for 20 min . Then. 50 µ.I of anti-hook antibody (pread-
sorbed antisera diluted about I :500 with tethering 
medium) was added. and the mixture was allowed to 
stand for I h. Next, 30 µ.I of the marker suspension 
was added, and the mixture was allowed to stand for 
30 min. Finally. the assembly was turned right-side up 
and placed on the microscope stage for observation . 
Data acquisition and analysis. The motion of the 
markers was recorded on videotape by inverse phase-
contrast microscopy with a Nikon Optiphot micro-
scope (Plan 40 BM objective. Photo 8 x eyepiece). a 
Sanyo VC1620X video camera. and a Sanyo VTC7100 
cassette recorder. In some experiments. the tempera-
ture of the stage and objective were controlled at 22°C 
with an aluminum block coupled to a water-cooled 
Peltier element (!4a). A digital time display was in-
cluded in the recording. It was pulsed from black to 
white once every 45 s as an additional timing signal 
(see below) . 
The videotapes were played back at one-quarter 
speed. An operator scored the directions of rotation of 
the markers by eye . depressing or releasing a pushbut-
ton that tripped a pen on. a strip-chart recorder ( l L). A 
photodiode placed on the screen over the time display 
tripped a second pen when this display changed from 
black to white. This made it possible for records 
obtained with different markers to be synchronized 
and for slippage of the charts that occurred in readings 
of long records to be corrected. The strip charts were 
digitized (10). and the data. a list of numbers repre-
senting the time of CW-to-CCW and CCW-to-CW 
transitions. were analyzed with a PDP 11134 computer. 
The cumulative error in the timing of events was less 
than 0.3 s. based on errors arising from operator 
response time (about 0.1 s) and from slippage of the 
chart paper while digitizing segments of length 45 s 
(about 0.2 s). 
Pairs of records. designated x(I) and yUl. each of 
length T. were considered as a function of time and 
assigned the value + 1 whenever the marker spun 
CCW and -1 whenever it spun CW. The direction 
correlation function. the time average <x(l)y(r + T)>. 
provides a measure of interrelation between the rota-
tional sense of the two records at any lag (or lead) 
time. T (5). This function was computed by dividing T 
into equal time intervals. 81 (generally 0.2 s), and 
computing the average: 
ISHIHARA ET AL. 
~ ~ X(k81)y(k8t + T) (!) 
where . for T > 0. k ranged from 0 to N = (T - -r)/81. 
and for T < 0. k ranged from --r/81 to T/81: T assumed 
values that were integral multiples of St. When the two 
records computed were the same. i.e .. when x(I) = 
y(1). we obtained the direction autocorrelation func-
tion. which decays from I at zero lag-since x(I) is 
either +I or -1. its mean square value is I-to an 
asymptotic value at infinite lag equal to the square of 
the mean value of x(1) . When transitions between 
rotational states occur at random. this decay is expo-
nential. with a time constant equal to the reciprocal of 
the sum of the rates of transition between the two 
states . Computation of the direction correlation func-
tion enables systematic interrelations between differ-
ent markers to be detected. even if the two markers do 
not reverse simultaneously. but do so with a relative 
lag. and even if reversals are not coupled with very 
high probability . 
The rotational bias of a marker. defined as the 
fraction of time that it spins CCW . was computed over 
periods of 20 s. A running average. made in steps of 
2 s. provided a smoothed estimate of the bias over the 
complete record. Bias correlation functions were com-
puted in the same way as direction correlation func-
tions <using 81 = 2 s). except that the mean bias for 
each marker was first subtracted out: i.e .. the relative 
biases x(I) - <x> and yttl - <y> were used . 
The means and standard deviations in direction or 
bias correlation expected for a given pair of markers. 
assuming that they were not cross-correlated. were 
estimated by using a Monte Carlo method. Thirty pairs 
of simulated records were constructed by a random-
number process that generated exponential distribu-
tions of CCW and CW intervals. The mean CCW and 
CW intervals were chosen to match those measured 
for the pairs of markers under study . These data were 
analyzed in the same way as the real data, and 
standard deviations were estimated from the scatter in 
the 30 direction or bias correlation functions. To 
determine the extent to which a bias correlation was 
statistically significant. a bias correlation ratio was 
computed by dividing the amplitude of the correlation 
of the real markers at zero lag by the standard devi-
ation in this quantity obtained from the simulation . A 
bias correlation ratio of 4.0 or greater indicates a high 
degree of synchronization near zero lag. 
The angular velocities of the markers were mea-
sured by playing the video tapes back at one-quarter 
speed and timing 10 revolutions with a stop watch . 
This measurement was repeated several times during 
the course of each experiment. 
RESULTS 
Markers rotated when on filamentous cells. 
The markers. cells of strain H89 fixed with 
glutaraldehyde, were inert when attached to 
glass, but they spun when attached to the fila-
mentous cells . Thus, torque was generated by 
the filamentous cells. not by the markers. To 
learn whether the markers might contaminate 
the preparation in some way. we exposed wild-
type cells tethered to glass to a suspension of 
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markers at a density of about 10 11' cells per ml. 
No changes were observed in the behavior of the 
tethered cells. The markers were much shorter 
than the filamentous cells. so there was no 
problem _in distinguishing the two <Fig . 1 ). The 
lengths of the filamentous cells used in this study 
ranged from 20 to more than 120 µm (Table 1. 
column 2). 
The filamentous cells did not adhere strongly 
to the cover slip: therefore. some markers were 
free to rotate even when attached to the sides of 
a cell <Fig. 2) . The markers rotated alternately 
CCW and CW. at angular velocities comparable 
to those observed when wild-type cells are teth-
ered to glass <Table 1. columns 5. 7. and 8). The 
CCW intervals tended to be longer than those 
observed with wild-type cells (9. 11 ). yielding 
somewhat higher biases !Table 1. column 6>. but 
the angular velocities fell in a comparable range. 
with short markers (or short wild-type cellsl 
rotating more rapidly than long markers (or long 
wild-type cells). As many as three markers were 
followed on a single cell <Table 1. experiments 7 
and 8). The records for the last 134 s of experi-
ment 8 are shown in Fig . 3. 
The filamentous cells responded to tempera-
ture shifts and to chemotactic stimuli . Adapta-
tion occurred in either case. The markers spun 
CCW for a time when the cells were heated and 
CW when they were cooled. They spun CCW 
when the cells were exposed to aspartate. deliv-
ered iontophoretically (27). In many cases. it 
was difficult to tell whether a marker was at-
tached to the near side or the far side of a 
filamentous cell. In experiments 8 through 14. 
thermal responses were used to verify directions 
of rotation. In experiments 1 through 7. the 
determination was. made by assuming that the 
bias was greater than 0 .5 . Errors made in this 
FIG. I. Filamentous cells of strain HB203 mixed 
with glutaraldehyde-fixed cells of strain HB9 in the 
presence of anti-hook antibody . The filamentous cells 
picked up 0. 2. I. and I markers. respectively 1 left to 
right). The plane of focus was near the surface of the 
cover slip . Most of the markers were attached to the 
glass. Bar. 20 µ.m. 
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FIG. 2. Tracing from the video screen of a filamen-
tous cell of strain H8203 carrying three markers 
(Table 1, experiment 8) . The markers are shown in the 
inset (enlarged x 3) at a time when each was rotating 
CCW . Marker A (top) was on the far side of the 
filamentous cell, marker 8 (middle) on the left side, 
and marker C (bottom) on the near side, between the 
filamentous cell and the cover slip . Each bar, 5 µ.m . 
way , if any, affect the signs of correlation calcu-
lations, not their amplitudes. 
Filamentous cells had a single cytoplasmic 
space. Spheroplasts were prepared from filamen-
tous cells of strains HB162 and HB203 . When 
the cells were grown at 42°C, preparations with 
long cells gave large spheres, and preparations 
with short cells gave small spheres. For exam-
ple, filamentous cells about 40 µ.m long gave 
spheres about 4 µ.m in diameter, and cells about 
3 µ.m long gave spheres about 1 µ.m in diameter. 
This indicates that the cytoplasmic space was 
enclosed by one continuous membrane . When 
these strains were grown at 35°C, many septa 
!JllUlJ\fY\lu' .rTTllflllnfll1 
I I I I 
820 840 860 880 
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could be seen along the filamentous cells . Spher-
oplasts of these cells consisted of clusters of 
small spheres. Thus. the presence of septa could 
be determined visually . No septa were seen 
between any of the markers included in this 
study. 
Dramatic evidence for the continuity of the 
cytoplasmic space was obtained in experiment 8 
when the three markers (Fig. 2) slowed down 
over an interval of about 1.5 s and stopped. 
coming to rest within about 0.1 s of one another 
(Fig. 3. arrow). About 1 min later. the markers 
began to rotate again. starting up slowly and 
reaching their original speeds after about 1.5 
min. They started CCW and continued to spin in 
this direction for about 20 s after reaching top 
speed before switching back and forth between 
the CW and CCW modes . This behavior is 
consistent with the sudden collapse and~adual 
restoration of proton motive force that would be 
expected if a hole were to open up and close in 
the cytoplasmic membrane. This was a rare 
event; all of the other markers that we observed 
rotated continuously . 
Motors on the same cell changed directions 
asynchronously. When records for different 
markers on the same cell were pla1.:ed in register. 
as in Fig. 3, no synchronization was apparent. 
This was confirmed by computing the direction 
correlation function, as described above. Figure 
4 compares the direction autocorrelation func-
tion for marker A of experiment 1 with the 
direction cross-correlation function for markers 
A and B. There was no correlation at any lag 
between any of the pairs of markers in Table 1 
greater than that expected by chance. assuming 
that each motor changed directions at random 
(allowing for the slow drifts in bias described 
below). 
Biases were not constant. Different motors on 
the same cell tended to have similar biases 
(Table 1, column 6), but this also was true for 
motors on other cells in the same preparation 
(compare the biases of markers labeled X). 









FIG. 3. Strip-chart records for markers A (top), 8 (middle). and C (bottom) of Fig. :! (CCw <.llrecuon . up ; CW 
direction. down) for the last 134 s of experiment 8. The markers stopped within about 0.1 s of one another at the 
point shown by the arrow. 
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FIG . 4. Direction autocorrelation function for 
marker A of experiment l (solid curve) and the cross-
correlation function for markers A and B of experi-
ment l (dotted curve). shown for time lags ranging 
from -10 to +10 s. 
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Variations in bias of a given motor were 
examined by computing a running average . 
These functions fluctuated in a manner expected 
for averages of two-state systems that change 
states at random. as shown in the bottom panel 
of Fig. 5. but in some cases . as shown in the top 
panel . the variations in bias were larger than 
expected and occurred over a longer time span. 
Precise temperature control was introduced in 
experiments 8 through 14 in an attempt to reduce 
these variations . but without effect. The varia-
tions in bias were not due to changes in proton 
motive force because the angular velocities of 
the motors remained constant (15) . For exam-
ple, 50 measurements were made of the angular 
velocities of each of the markers whose biases 
TABLE l. Properties of the filamentous cells used in this studya 













Bias' ccw cw 



























































































































































































































































































a Cells of strain HB203 grown at 42°C in tryptone broth . except as noted. The experiments were done at room 
temperature (22°C). with precise temperature control for experiments 8 through 14. 
• A. B. and C indicate markers on the same cell. and X indicates a marker on a second nearby cell. 
' The fraction of time spent spinning CCW. 
d Strain HB162 grown at 42°C in tryptone broth . 
• ND. Not determined. 
f Strain HB9 grown at 35°C in tryptone broth in the presence of cephalexin . 












FIG . 5. (Top) Biases of markers A (thick curve) and B !thin curve) of experiment M. l Bottom) Biases of two 
simulated markers with the same mean biases as markers A and B. 
are shown in the top panel of Fig. 5 over a 130-s 
interval centered at 480 s, an interval during 
which the biases varied by as much as 50%. No 
deflections in angular velocity were apparent 
(mean= 1 standard deviation. 9.3 ::!: 0.7 and 2.8 
::!: 0.2 Hz. respectively) . 
Some biases were correlated. Another feature 
apparent in the data shown in the top panel of 
Fig. 5 is that the biases of the two motors rose 
and fell synchronously . This was confirmed by 
computing the bias correlation function, with the 
results shown in Fig. 6. The bias correlation 
ratio. defined above, was 7.9 for experiment 8 
(Table 1, last column) . This value indicates a 
high degree of correlation between the biases of 
the motors· at zero lag. A scatter plot of bias 
correlation ratio as a function of motor separa-
tion is shown in Fig. 7. There was a clear 
correlation for some. but not all. motors separat-
ed by 10 µm or less . In experiments 7 and 8. in 
which three markers were attached to each cell. 
the correlation decreased with distance . None of 
the markers on different cells were correlated, 
even when these markers were close to one 
another. We conclude that variations in the bias 
of the ftagellar motors can be correlated. provid-
ed that the motors are on the same cell and no 
more than a few micrometers apart. 
DISCUSSION 
In summary. we attached markers to different 
ftagellar motors on single filamentous cells (Fig. 
1 and 2. Table 1) . The cells responded to chemi-
cal and thermal stimuli . They were fully ener-
gized . as judged by speed and direction of ftagel-
lar rotation, and the y contained a single 
cytoplasmic space, as judged by the formation of 
giant spheroplasts and by a fortuitous event in 
which three adjacent markers stopped synchro-
nously (Fig. 3. arrow) . The markers were far 
enough apart that they did not interact mechani-
cally . We were unable to find any correlation in 
the directions of rotation of different ftagellar 
motors (e .g., Fig. 4. dotted curve) . The biases of 
the motors shifted with time (e .g .. Fig. 5, top 
~ ! 




-;- .me a~ (s! 
FIG . 6. Bias correlation functions for the data 
shown in the top and bottom panels of Fig. 5 (solid and 
dotted curves . respectively) for time lags ranging from 
-100 to + 100 s . The standard deviation in bias corre-
lation expected for uncorrelated markers was =:0.0012 
(not shown) . 
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FIG. 7. Bias correlation ratio as a function of marker separation for pairs of markers on the same cell (closed 
symbols) or on different cells (open symbols). Three markers were observed on the same cell in experiments 7 
l•> and 8 (Al. 
pane(). The biases of different motors tended to 
shift in synchrony, provided that the motors 
were on the same cell and within a few micro-
meters of one another (Fig. 6 and 7). 
A global signal does not synchronize ftagellar 
motors. The absence of direction correlation at 
any lag shows that the times at which ftagellar 
reversals occur are not subject to coordinate 
control. If such control were exerted either 
chemically or electrically on motors. say, 3 µ.m 
apart (the closest pairs examined), coordination 
would be expected on time scales of milli- or 
microseconds, respectively. The time required 
for a motor to change the direction of rotation of 
a tethered cell once a reversal is initiated is 10 
ms or less (6), so this delay is not important. The 
possibility that coordination occurs when mo-
tors are closer to one another than 3 µ.m is ruled 
out by the data of Macnab and Han (21), who 
observed asynchronous reversals of ftagellar fil-
aments on single cells of S. typhimurium. How-
ever. their experiments are not strictly equiva-
lent to ours. because they used mutants with an 
extreme CW bias under conditions of reduced 
proton motive force. This allowed reversals to 
occur at torques below those that generate poly-
morphic transitions (23) . The motors of their 
cells frequently stopped, a behavior not ob-
served here. Whether this was due to the re-
duced proton motive force, to mechanical inter-
actions between different flagellar filaments. or 
to interactions between these filaments and the 
glass is not known. 
A global signal does control motor bias. Al-
though transitions between CCW and CW states 
occur at random times, the rates at which these 
transitions occur are subject to coordinate con-
trol. This is shown by the strong bias correlation 
between some motors on the same cell (as 
represented by the points in the upper left-hand 
comer of Fig. 7). The reasons for the changes in 
bias leading to this correlation are not known. 
These changes were not due to drifts in external 
variables. such as temperature, because there 
was no bias correlation between markers on 
different cells. Note , in experiments 8 through 
14, that the correlation persisted when the tem-
perature was carefully controlled. 
This signal has a finite range. The fact that the 
bias correlation was strongest for motors only a 
few micrometers apart indicates that the signal 
has a finite range. long compared to the length of 
a normal cell but short compared to the length of 
a filamentous cell. If the signal is electrogenic 
and the filamentous cell has cable properties 
similar to those of a nerve axon of the same 
diameter, then a space constant for potential of 
several hundred micrometers is expected (3). 
Thus , an electrogenic signal seems unlikely, but 
it cannot be ruled out. If the signal is some 
chemical, then it must be inactivated or removed 
from the cell. It is not able to equilibrate over 
distances much larger than about 10 µ.min times 
less than about 1 min. the time scale on which the 
variations in bias occurred. Note that a small 
molecule can diffuse 10 µ.min water in about 0.1 s. 
Flagellar motors function as two-state systems. 
These results argue for a two-state model (10), in 
which a motor exists either in a state that 
generates CCW rotation (runs) or in a state that 
generates CW rotation (tumbles) . Transitions 
between these states are governed by first-order 
rate constants. which are the probabilities per 
unit time that the occupation of a state is termi-
nated. These are the parameters that are subject 
to global control. 
An alternative hypothesis asserts that transi-
tions are generated by threshold crossings of a 
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signal subject to statistical fluctuation (17-19). 
The lack of synchronization could be explained 
in this model if fluctuations were local rather 
than global (21 ). especially if they occurred in 
the threshold rather than in the signal. since the 
thresholds could be set independently at each 
motor. However. as shown elsewhere (11), 
threshold-crossing mechanisms lead to CCW 
and CW interval distributions with extended 
tails. i.e., with relatively large numbers of long 
events. The CCW and CW interval distributions 
observed experimentally are exponential: they 
do not show these events (11). Exponential 
distributions are the hallmark of two-state sys-
tems. 
We do not know how transitions between 
rotational states are generated. They could oc-
cur through changes in protein conformation, 
through the binding and unbinding of a ligand at 
a receptor, or the like. If so, the signal affects the 
stabilities of alternate conformations, the on and 
off rate constants, or the like . It does not gener-
ate the transitions per se. 
Discrepancies between run/tumble and CCW/ 
CW statistics remain unresolved. If the flagellar 
motors are autonomous, how do their filaments 
work synchronously in a bundle? In £ . coli 
strain AW 405, the mean run and tumble lengths 
are about 1 and 0.1 s, respectively (8), whereas 
the mean CCW and CW intervals are both about 
1 s (9, 11). As discussed in the Appendix. one 
possibility is that a cell runs when half or more 
than half of its filaments rotate CCW and tum-
bles otherwise. However, the fit to the data is 
not very good. A more elaborate mechanism 
seems to be required. 
APPENDIX 
Voting hypothesis. If the motors driving the flagellar 
filaments reverse independently. and therefore asyn-
chronously, how does a flagellar bundle form to allow 
a concerted run in one direction? The simplest possi-
bility is that a stable bundle is formed when a certain 
fraction (e .g .. greater than or equal to one-half) of the 
motors rotate in the CCW direction. Once the bundle 
is formed, individual filaments whose rotational sense 
does not coincide with the majority (i.e .. those trying 
to spin CW) are driven against their preferred rotation-
al sense, and the bundle remains stable . When a 
sufficient number offtagella have, by chance. changed 
their preferred sense of rotation from CCW to CW (so 
as to reduce the number CCW below the fixed fraction 
required for stability), the bundle flies apart, and the 
cell tumbles. According to this hypothesis, the overall 
state of the several individual motors determines 
whether the cell runs or tumbles . This possibility will 
be referred to as the "voting hypothesis. " in that 
independent flagella vote upon whether the cell is in 
the run or tumble mode by attempting to tum CCW or 
CW, respectively . The fraction required for a stable 
run. i.e . the "rules" for determining what constitutes a 
majority, remains to be determined. A version of this 
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hypothesis was first advanced by Khan and Macnab 
(15). who suggested that a tumble might be initiated 
when more than one flagellum in a bundle tried to 
reverse. However, their assumption that the system 
can be treated as if at steady state is not valid. so that 
the run times that they were led to predict are in error. 
Predictions of the voting hypothesis. The voting hy-
pothesis assumes that individual flagella are complete-
ly autonomous; each is endowed with a set of switch-
ing probabilities for transitions between CCW and CW 
states. Once these probabilities are known, then it is 
possible to derive an expression for the length of time 
during which a number nor more of/flagella are trying 
to rotate CCW. Such an expression is obtained below: 
it defines the mean run and tumble times for a cell in 
terms of the mean CCW and CW intervals of the 
separate motors. 
For wild-type£. coli, mean run times are about 1.1 s 
(0.86 s adjusted upward by the 0.24-s interval required 
to detect a run ; see reference 8. addendum). whereas 
mean tumble times are about 0.14 s. A swimming cell 
therefore spends almost 90% of the time running. 
When tethered. however. individual flagellar filaments 
spend nearly equal amounts of time rotating in the 
CCW and CW directions (9) . For the wild type . mean 
CCW times are about 1.20 s. whereas mean CW times 
are about 1.06 s (11 ). All of these values were obtained 
with cells of the same wild-type strain in similar media 
at the same temperature (strain AW4-05 in dilute phos-
phate buffer at 32°C). We assume that cells of£. coli. 
like those of S . typhimurium (14), have. on average, 
about six flagella. 
Are these figures consistent with the predictions of 
the voting hypothesis ? The results of computations 
given in Table 2 and discussed below suggest that they 
are not ; the observed tumble times are too short to be 
accommodated by the voting hypothesis. given the 
measured values for mean rotational times . Converse-
ly . given the measured values for run and tumble 
times, one is led to predict mean CW intervals that are 
much shorter than those generally seen . Similar results 
were obtained in computations assuming numbers of 
flagella ranging from four to nine. The possibility 
remains that the published values are inconsistent 
because of the way in which the cells were selected for 
study, but we view this as unlikely. 
In addition. the voting hypothesis would require 
runs and tumbles to be distributed as sums of several 
exponential processes. whereas experimental evi-
dence indicates that runs and tumbles are distributed 
as single exponentials (8). just as are CCW and CW 
intervals (11 ). U oder certain conditions . sums of ex-
ponentials can be difficult to distinguish from pure 
exponentials. but again we view this possibility as 
unlikely . Although mean run times have a large biolog-
ical variability in swimming cells. mean tumble times 
are remarkably constant (8). On the other hand. both 
mean CCW and CW intervals show variability in 
tethered cells . This asymmetry is not easily explained 
by the voting hypothesis . 
The voting hypothesis also predicts that the torque 
produced by a rotating bundle should vary with time, 
as the number of flagella asserting CCW rotation 
within the bundle changes . Under conditions in which 
torque is limiting, e .g .. in a medium of high viscosity. 
changes in torque will be reflected in changes in 
angular velocity , so one would expect to see ftuctua-
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TABLE 2. Predicted run and tumble times for the 
voting hypothesis" 
Minimum no. 
of flagella Predicted 
Predicted mean Case required to be mean run 
in CCW mode time (s) tumble time .(s) 
for a run 
lb l 16.42 0.18 
2 2.69 0.24 
3 0.92 0.37 
4 0.46 0.68 
5 0.29 1.74 
6 0.20 8.72 
2c l 553.52 0.07 
2 31.55 0.08 
3 4.41 0.11 
4 1.12 0.17 
5 0.44 0.29 
6 0.23 0.82 
" The numbers shown in boldface provide the clos-
est match of observed and predicted interval times. 
Th
0
e calculations assume six flagella per cell . 
In this case. we assume a mean CCW interval of 
1.20 s and a mean CW interval of 1.06 s (measured 
values. see the text). 
c In this case. we assume a mean CCW interval of 
1.4 sand a mean CW interval of 0.4 s (values adjusted 
to give prediction of times close to the measured 
values for the mean run and tumble times. see the 
text). 
tions in the speed of swimming cells . Preliminary 
measurements of the speeds of swimming cells in a 
medium containing 9.5% Ficoll (4 .0 cPl do not show 
such fluctuations (J. E. Segall. unpublished data). 
Therefore. _it appears unlikely that the voting hypothe-
sis. m the simple form presented here. is correct. More 
complicated voting rules seem to be required. For 
example. when a flagellum is outvoted. it might simply 
change its vote. Mechanical interactions between fla-
gellar filaments. acting through some kind of feedback 
process. might cause the motor to assert the opposite 
torque. But tethered cells do not reverse direction 
when their rotation is suddenly blocked by a micropi-
pette or when they become stuck briefly on the 
tethering surface (M. D. Manson and S. M. Block. 
unpublished data). However. this observation does 
not rule out the possibility of feedback under condi-
tions of less limiting torque . Somehow. tumbles are 
terminated prematurely . Too little is known at present 
about_ the interactions of flagellar filaments to explain 
the d1spanty between run/tumble interval times and 
CCWICW interval times. 
Mathematics of the voting hypothesis. A cell with f 
flagella can exist in if+ 1) states. ranging from n = O 
up to n = f flagella rotating CCW at any instant. 
Assuming that the rates for CCW-to-CW and for CW-
to-CCW transitions are the same for all the flagella and 
equal to k, and k,, respectively. we have the system: 
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[OJ 
fk, [l) (f ~ l)k, (f - n - l)k, if - n)k, 
;:: ---- . . . .. [n] 
---;:---
k, . 2k, nk, (n + l)k, 
if - n + 1 )k, k, 
[n + 1) . ···~[fl (2 ' 
(n + 2)k, jk, 
where the states represent various numbers of flagella 
asserting the CCW direction . If the critical number of 
flagella spinning CCW is nor more . then run times will 
correspond to the lifetime of the compound state 
consisting of all individual states greater than or equal 
ton . The complete system can be solved as a set off+ 
l coupled differential equations (an eigenvalue prob-
lem) ; the solution for the compound (run) state. above. 
will consist of a weighted sum off - n + l exponen-
tials. whereas the solution for the companion com-
pound (tumble) state will consist of a weighted sum of 
n exponentials. The problem can be solved by stan-
dard methods Ccf. reference 12). However. a simple 
recursion relationship can be developed to obtain the 
lifetime of each state by using the theory of the random 
walk. One obtains for the mean time for passage from 
the state n to the n + 1st state: 
l1n.n + !) = 
(kcn .n - 1l k1n .n + c1lf1n - l.nl + l /k1n .n + 11 !3) 
where the k values are the transition rate constants 
among the subscripted states . The lifetime of the 0th 
state is simply 1/krn. 11 • Lifetimes for other states are 
obtained by recursion . Experimentally determined 
mean CCW and CW interval times give the reciprocals 
for k, and k, in equation 2. Using these values. and 
assuming six flagella per cell. we obtain the results 
shown in Table 2. If the rules for the voting hypothesis 
are such that half or more of the flagella are required to 
assert the CCW direction for a run to occur. we obtain 
run and tumble times of 0.92 and 0.37 s. respectively 
(Table 2). Although the run time agrees reasonably 
well with the observed mean run length of 1.1 s. the 
tumble time differs by almost a factor of three: 0.37 sis 
predicted whereas the measured value is 0. 14 s. To get 
values close to the measured run and tumble times. we 
are forced to assume a mean CCW interval of 1.4 sand 
a mean CW interval of 0.4 s (Table 2). 
Derivation of equation 3. The coupled svstem in 
equation 2 can be viewed as a random walk among 
states. with transition probabilities whose values de-
pend upon the number of the state. We seek a mean 
time to passage across a boundary between state n and 
state n + 1. Let Pm be the probability that the system 
moves from state n to state n - 1 exactly m times 
before stepping from n to n + 1. Let T be the waiting 
time m the nth state before a step. Twill be given by 
the reciprocal of the sum of the rate constants leaving 
the state. i.e .. by: 
(4) 
The mean waiting time for a cell in state n to move to 
the (n + 1 )st state is given by: 
lcn.n. 11 = {~ mPm[t<n - '-"' + n} + T (5) 
VoL. 155. 1983 
Let p be the probability of a step from n to n - 1. 
Then: 
16) 
where p = k1n.n - 1/[k<n.n - 11 + k,n.n + 11 ] . Substituting 
this expression into equation 5 and summing over all m 
gives: 
p 
t(n.n + ll = -
1
-- (t(n - t.nl + J1 + T (7) 
-p 
Further substitution of the expression for p in terms of 
the rates k gives equation 3. A similar recursion 
expression can be derived for transitions from a higher 
to a lower state . All rate constants for transitions to 
higher states will be multiples of k,, whereas all rate 
constants for transitions to lower states will be multi-
ples of k,. the multiplicity being determined by the 
number of flagella rotating CCW. 
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The experiments described in this paper were the most difficult that I have 
done to date. Markers very seldom remained tethered to filamentous cells for as 
long as was necessary to acquire the data. The bias of the markers fluctuated 
dramatically, and variation of the size of responses forced us to try to average 
many responses from each filamentous cell. Akira's patience and willingness to 
continue to try to make better preparations were an important asset in 
performing these experiments. 
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Abstract 
Video techniques were used to record chemotactic responses of filamentous cells 
of Escherichia coli stimulated iontophoretically with aspartate. Long nonseptate 
cells were produced from polyhook strains either by introducing a cell division 
mutation or by growth in the presence of cephalexin. Markers indicating 
rotation of flagellar motors were attached with anti-hook antibodies. Aspartate 
was applied by iontophoretic ejection from a micropipette, and the effects on 
the direction of rotation of the markers were measured. Motors near the pipette 
responded, while those sufficiently far away did not, even when the pipette was 
near the cell surface. The response of a given motor decreased as the pipette 
was moved away, but it did so less steeply when the pipette remained near the 
cell surface than when it was moved out into the external medium. This shows 
that there is an internal signal, but its range is short, only a few microns. These 
experiments rule out signaling by changes in membrane potential, by simple 
release or binding of a small molecule, or by diffusion of the receptor-attractant 
complex. A likely candidate for the signal is a protein or ligand that is activated 
by the receptor and inactivated as it diffuses through the cytoplasm. The range 
of the signal was found to be substantially longer in a cheZ mutant, suggesting 
that the product of the cheZ gene contributes to this inactivation. 
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Escherichia coli is propelled by about six flagellar filaments that emerge at 
random points on the surface of the cell. Each filament is powered by a rotary 
motor at its base ( 11, 59). When the motors turn counterclockwise (CCW), the 
filaments work together in a bundle that drives the cell steadily forward--the 
cell runs; when the motors turn clockwise (CW), the bundle flies apart and the 
motion is highly erratic--the cell tumbles (38, 40). Runs and tumbles occur in an 
alternating sequence, each run constituting a step in a three-dimensional random 
walk (12). When the cell swims in a spatial gradient of a chemical attractant, 
runs up the gradient are extended; this imposes a bias on the random walk that 
carries the cell in a favorable direction ( 12, 39). 
Within a few tenths of a second after the addition of a large amount of 
attractant, the flagella spin exclusively CCW, but the bias (the fraction of time 
spent spinning CCW) eventually returns to its prestimulus level: the system 
adapts to the attractant (14, 38, 39, 62). The response and adaptation to a 
number of attractants, including aspartate, is mediated by proteins that span the 
cytoplasmic membrane, called transducers or methyl-accepting chemotaxis 
proteins (for reviews, see 17, 30, 49, 61). The transducer for aspartate, which 
also contains the receptor binding site, is the product of the tar gene (named for 
taxis to aspartate and certain repellents). Adaptation to an increase in the 
concentration of aspartate results from carboxymethylation of a set of glutamyl 
residues located on a cytoplasmic domain of this molecule. This is catalyzed by 
a methyltransferase, the product of the cheR gene. Adaptation to a decrease in 
the concentration of aspartate results from demethylation of these sites, 
catalyzed by a methylesterase, the product of the cheB gene. Evidently, binding 
of aspartate produces a signal that changes the rotational bias of the flagellar 
motors, and methylation shuts off this signal. Strains deleted for the cheR 
and/or the cheB genes respond to aspartate, but they do not adapt (28, 51, 66); 
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their biases can be set at will by addition of suitable concentrations of 
attractants and/or repellents (32). The response to the sudden addition of 
aspartate is markedly delayed in strains carrying mutations in the cheZ gene (16, 
57), but the reasons for this have not been determined. However, there is 
evidence that both the cheY and cheZ gene products interact with other 
components of the chemotaxis system (52). 
The nature of the signal that couples the transducers to the flagella is not 
known. However, it is clear that signaling does not require metabolism of the 
attractant (l, 43), protein synthesis (5, 7), or growth (2). Signals that have been 
proposed include membrane potential (63), free calcium ion (45), cyclic GMP 
(15), and transmembrane ion fluxes (24, 37, 63). Several studies have shown that 
membrane potentials are not likely to be involved in signaling in E. coli (e.g., 44, 
60), although this mechanism remains viable for some longer bacteria, e.g., 
spirochetes (26, 27). 
In order to learn more about the properties of the signal that couples the 
transducers to the flagella, and in particular its range, we combined techniques 
for iontophoretic stimulation (16, 57) with those for attaching markers to the 
flagellar motors of long filamentous cells (33). Markers (ordinary polyhook cells 
fixed with glutaraldehyde) were attached with anti-hook antibodies to the 
polyhooks of filamentous cells, so that the direction of rotation of their flagellar 
motors could be followed by phase-contrast microscopy. The filamentous cells 
have a single cytoplasmic space (33): any signal linking the receptors to the 
flagella should be free to travel internally from one end of the cell to the 
other. Iontophoretic ejection of a charged attractant, such as aspartate, from a 
micropipette produces a localized increase in concentration. We applied stimuli 
of this kind at various points in the vicinity of filamentous cells and measured 
the responses of their marked flagella. 
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Our results show that an internal signal exists, but that it has a short 
range. The range in a mutant deleted for cheR and cheB was about 2 µm, while 
the range in a cheZ mutant was longer, about 6 µm. These results suggest that 
signaling is mediated by a substance generated at the transducers and destroyed 
in the cytoplasm, a substance that reaches the flagellar motors by diffusion. 
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MATERIALS AND METHODS 
Strains. All strains were derivatives of E.coli K-12. AW405 (wild type; 6) 
was the gift of J, Adler. RP2867 (deleted for cheR and cheB; 50), RP5007 (cheZ 
293; 47), and RP5099 (TnlO insertion near eda) were gifts of J. S. Parkinson. 
HB9 (fZaE hag) and HB203 (fZaE hag ftsQ, chemotactic at 42°) were described 
previously (33). The latter strain was reported as flaE hag, but subsequent 
complementation tests suggest that it is either hag and not flaE or that the flaE 
phenotype is suppressed by the mutation(s) allowing chemotaxis at 42°C. HB238 
(cheR cheB flaE hag), HB24 l (cheR cheB fZaE), and HB254 (cheZ flaE hag) were 
constructed from HB9 by P 1 transduction with eda. A tetracycline-resistant 
eda- clone was picked after infection of HB9 with P 1 phage grown on RP 5099, 
and eda + transductants were selected following infection with P 1 grown on 
RP2867 or RP5007, respectively. The strains are listed in Table l. 
Reagents and buffers. All solutions were prepared from reagent-grade 
chemicals and glass distilled water. Reagents were obtained as described 
previously (16, 33). Motility medium contained 90 mM NaCl, 10 mM KCl, 10 mM 
Tris-Cl (pH 7.0), 10 mM sodium lactate, 0.1 mM tetraethylpentamine (tetren; 54) 
and 0.001 mM L-methionine. 
Preparation of marked filamentous cells. Strain HB203 was grown m 
tryptone broth (Difeo) at 30°C until early exponential phase, then shifted to 
42°C for an additional 1 or 2 h. Chloramphenicol (l 00 ug/ml) was added to 
prevent formation of septa on cooling; this concentration was maintained 
throughout the course of an experiment. Strains HB9, HB238, HB24 l, and HB254 
were grown on tryptone broth at 35°C until early exponential phase, cephalexin 
(50 ul/ml) was added, and growth was continued at 35°C for 1 or 2 h. This 
concentration of cephalexin or chloramphenicol (100 ug/ml) was maintained 
throughout the course of an experiment. Markers were prepared from cells of 
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strain HB9 and attached to the filamentous cells, as described previously (JJ), 
except that open coverslips were used instead of flow chambers, and filamentous 
cells attached to coverslips were rinsed with motility medium prior to the 
addition of anti-hook antibody. The final preparation was covered with a drop of 
motility medium of volume about 0.2 ml. 
Data acquisition. The cells were viewed by phase contrast through a 40X 
water immersion objective (Zeiss) mounted on a Nikon S-Ke microscope. The 
experiments were done at room temperature (22°C). Iontophoretic pipettes were 
filled with motility medium containing 0.01 mM thorium chloride and either 
L-asparate or nickel chloride, as described previously (57). Pipette resistances 
were 15-60 megohms. A current-injection circuit (21) was used to pass current 
(-1 to -200 nA for aspartate and +3 to +50 nA for nickel) through the pipettes via 
AgCl coated Ag wires. Pipettes were positioned with a micromanipulator 
(Narishige M0-103). 
The motion of the markers was recorded on videotape with a vidicon 
camera (Ikegami ITC-47) and a VHS recorder (Panasonic NV 8590) and displayed 
on a 9-inch monitor (Hitachi VM-910U). The overall magnification at the 
monitor was about 4000x. Calibration of the micromanipulator was checked by 
comparing recordings of the tip of the pipette as it was moved from position to 
position against the recording of an objective micrometer. The 
micromanipulator was used, in turn, to verify the magnification for each 
experiment: a recording was made of the tip of the pipette as it was displaced 
10 µm. A digital time display was included in the recording that pulsed from 
black to white whenever the pipette current was turned on or off. Digital 
records of the direction of rotation of the markers were obtained from the video 
recordings, as described previously (33). 
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Concentration changes near filamentous cells. In searching for an internal 
chemotactic signal by comparing responses to step stimuli applied near the cell 
body or far away, it is essential to know that the concentration of attractant 
near the cell is not perturbed strongly by the presence of the cell, in particular, 
that it is not elevated by reflection of molecules from the cell body. Naively, 
one would expect the molecules to be absorbed rather than reflected, but to be 
absolutely certain, we determined the magnitude of the effect of reflection by 
appeal to an electrical analogue. The equation determining concentrations 
during steady-state diffusion (the Laplace equation) is the same as the equation 
determining electrical potentials in charge-free (electrically neutral) space, 
e.g., in solution of an electrolyte. With diffusion, the concentration at the tip of 
the pipette is constant, the concentration far away is zero, and gradients in 
concentration vanish normal to reflecting boundaries. With electrical currents, 
the potential at a point electrode is constant, the potential far away is zero, and 
gradients in potential vanish normal to insulating boundaries. Therefore, in a 
problem involving steady-state diffusion, one can determine concentrations by 
arranging suitable electrodes in a solution of an electrolyte, injecting current, 
and measuring electrical potentials. Measurements of this kind, described m 
detail below, showed that perturbations due to reflection were quite small. 
A circular glass dish (12.5 cm in diameter, 6.5 cm deep) was filled with 
0.1 M NaCl. To simulate a semi-infinite container, Ag/AgCl wire loops were 
placed near the side and top boundaries of this solution. Current was injected in 
the body of the solution from a 0.05 to 0.1 cm bead of AgCl at the tip of an 
insulated Ag wire and collected by the loops. A similar bead electrode was used 
to measure the potentials. To avoid artifacts due to buildup of ions at the 
AgCl/water interface, alternating currents were used (17 Hz). The resistance of 
the system was constant at about 40,000 ohms for frequencies between 10 and 
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1000 Hz. Potentials measured by the sensing electrode (input resistance 1 
megohm) were recorded with an accuracy of about 1 % on the 0.1-volt scale of a 
strip-chart recorder running at 12.5 cm/min. All measurements were made near 
the bottom surface of the dish, since filamentous cells are attached to an 
analogous boundary. As expected, the potential varied inversely with the 
distance from the current injecting electrode (10). The effect of a non-absorbing 
filamentous cell was modelled with a glass rod (0.3 cm diameter). The diameter 
of the rod provided the scale on which comparisons could be made; for example, 
when the current injecting electrode was one diameter from the rod, the 
situation modelled was that in which the tip of the pipette was one cell diameter 
from the surface of the filamentous cell. The potential-sensing electrode was 
placed at various points on the glass rod to measure the potential corresponding 
to the concentration near the surface of the cell. For each configuration of rod 
and electrodes, the potential was measured with the rod in place, and then the 
rod was removed without moving the electrodes, and the potential was measured 
again. This provided an estimate of the relative change in potential due to the 
presence of the rod, or analogous! y, the re la ti ve change in concentration due to 
the presence of a reflecting filamentous cell. For the configurations used to 
determine differences in response for stimuli applied close to the cell body or far 
away (Table 2), we found that the presence of the cell had less than a 2% effect 
on the difference in concentration of attractant or repellent expected at the 
· marked f lagellar motor. 
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RESULTS 
General properties of filamentous cells. We began with strains carrying 
fZaE hag mutations in order to produce filamentous cells with polyhooks but 
without flagellar filaments. Our hope was that these cells would be nonmotile 
but would have appendages to which glutaraldehyde-fixed polyhook markers 
could readily be attached. We introduced a temperature sensitive mutation in 
septation, ftsQ (8), and produced filaments by growing the cells at 42°C. 
Although we used these cells for measurements of impulse responses (see below), 
their rotational biases proved to be highly variable and the yield of spinning 
markers was low. Therefore, we produced filaments by growing flaE hag cells at 
35°C in the presence of the s-lactam antibiotic cephalexin (29, 55). Compared 
to cells of normal size (Table 1), these filamentous cells tended to have higher 
CCW biases and lower sensitivities to aspartate (as judged by the size of the 
stimulus required to produce a response). Relatively late in the course of this 
work we found that cells which were flaE rather than fZaE hag had normal biases 
and sensitivities. Markers could be attached to these cells, even though some of 
their polyhooks presumably carried flagellar filament stubs (58). Experiments 
were done on both flaE hag cheRB and fZaE cheRB cells (Table 1 ); similar results 
were obtained in either case (see below). 
Impulse responses and transition times of strains wild-type for 
chemotaxis. The peak concentration for a diffusive wave of an attractant or 
repellent generated by a short iontophoretic pulse is inversely proportional to r3, 
where r is the distance from the tip of the pipette (10). Thus, only receptors 
close to the pipette are strongly affected. Impulse responses ( 16) obtained when 
the tip of the pipette was near the surface of the cell but either close to a 
marker or far away were compared, as illustrated in Fig. IA. The results are 
given in Fig. 2A. The positive lobe of the impulse response obtained when the 
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pipette was close to a marker was about 50% wider than normal, and the 
negative lobe appeared relatively shallow and prolonged (compare with Fig. 2B). 
The impulse response obtained when the pipette was 27 µm or farther from the 
marker was barely discernible. Responses of intermediate size could be obtained 
when the pipette was closer to the marker than this, but similar responses were 
observed when the pipette was moved out from the cell surface (data not shown); 
evidently, these responses arose primarily from changes in concentration of 
aspartate near the marker in the external medium. 
We also measured transition times (the time between the onset of a large 
stimulus and the first reversal) for adaptation to step stimuli delivered 
iontophoretically (57). When an iontophoretic pipette is switched on, the 
concentration of attractant or repellent a distance r away approaches its steady-
state value in a time of order t = r 2/6D, where D is the diffusion coefficient of 
the chemical (10); for r = 10 µm and D = 10-6 cm 2/sec, this time is relatively 
short, 0.2 sec. The steady-state concentration is inversely proportional to r (not 
r3), so receptors are strongly affected over a longer range. The transition time 
decreased as the pipette was moved along the surface of a filamentous cell 
(strain HB203) 15 to 35 microns from a marker, as illustrated in Fig. l B. Near 
the lower end of this range, similar transition times were obtained when the 
pipette was moved out from the cell surface (data not shown). A similar 
distance dependence was observed with the repellent Ni++ (with strain HB9). 
These experiments show that E. coli does not have a long-range chemotactic 
signaling system. 
Changes in rotational biases of strains defective in adaptation. Accurate 
determination of the chemotactic impulse response requires the use of as many 
as 100 repetitive stimuli (16), and preparations of marked filamentous cells were 
too fragile to make work on ·this scale very practical. Therefore, we used an 
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alternative approach: measurements of changes in bias generated by small step 
stimuli, using mutants defective in adaptation (e.g., cheR cheB mutants, that fail 
to adapt at all, or cheZ mutants that adapt slowly; 16). We established, first, 
that there is an internal chemotactic signal, and then we determined its range. 
A small step change in the concentration of asparate applied near the 
marker of a cheRB filamentous cell (fZaE or fZaE hag) generated a step change in 
bias that persisted for the longest step tested (60 sec), while the bias of a cheZ 
filamentous cell returned about one-fourth of the way to its prestimulus level in 
a similar period of time. Shifts in bias to small step changes in concentration 
applied either on the cell or off the cell at about the same distance from a 
marker at the end of the cell were compared, as illustrated in Fig. l C. Examples 
of the response are shown in Fig. 3, and the results are summarized in Table 2. 
In every case, responses were larger with the pipette on the cell than off the 
cell, by as much as l 00% (Table 2, last column). This was true even when the 
pipette was farther from the marker when on the cell than when off the cell 
(Table 2, cells 1, 4, 5, 8, 9/first pair, 10). As discussed at the end of 
MATERIALS AND METHODS, given equal pipette-to-marker distances, 
reflection of aspartate from the cell body would raise the concentration of 
aspartate at the marker when the pipette was on the cell relative to the value 
expected when the pipette was off the cell by no more than 2%. This effect is 
more than offset by the difference in displacement of the pipettes, which, 
through the inverse dependence of steady-state concentration on distance, gives 
rise to larger changes in concentration. In any event, since aspartate is taken up 
and metabolized under chemotaxis conditions (43), the cells probably lower 
rather than raise the concentration of asparate at the marker. Why, then, should 
the response be larger with the pipette on the cell than off the cell? When the 
pipette is on the cell, more receptors in regions away from the marker bind 
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attractant than when the pipette is off the cell. Evidently, these extra receptors 
contribute to the change in bias of the flagellar motor at the end of the cell. 
Therefore, E. coli must have a short-range signaling system. 
Accurate determination of the range of this system proved more difficult. 
The ideal experiment, illustrated in Fig. lD, would be one in which comparisons 
were made of responses with the pipette on or off the cell for a series of 
different pipette-to-marker distances. In practice, this could not always be done 
because of variations in response from stimulus to stimulus, shifts in prestimulus 
bias, and episodes in which markers stopped spinning or fell off. Therefore, we 
combined data from all cells in which stimuli were given at more than one 
position on the cell body. 
In order to interpret the effect of small concentration changes on 
responses, we measured the dose response curves of cheRB and cheZ filamentous 
cells. One type of measurement was made by placing the pipette near a marker 
on a filamentous cell and recording the responses to currents of different 
amplitude. From earlier studies of transition times of tethered wiid-type cells 
(J.E.S., unpublished), we know that the change in concentration varies linearly 
with current, particularly for currents less than 20 nA. The other type of 
measurement was made on markers at the end of a filamentous cell by fixing the 
amplitude of the stimulus current and moving the pipette to different points off 
the end of the cell. The cheRB filamentous cells had a dose response curve with 
a clear threshold (Fig. 4A). This probably accounts for the relatively low 
sensitivity of cheRB strains to attractant stimuli (Table l; 16). The cheZ 
filamentous cells, on the other hand, had a dose response curve that was 
reasonably linear (Fig. 4B). These cells were more sensitive to attractant stimuli 
than cheRB cells (Table 1). 
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The decay of the internal signal with distance was measured by comparing 
the sizes of the responses produced to identical step stimuli when the tip of the 
pipette was placed near the surface of a cell at different distances from the 
marker, as illustrated in Fig. lB and 10 (both with small step stimulation). The 
stimuli were small enough that the response was not saturated at the point of 
closest approach. The responses of cheRB filamentous cells decayed very rapidly 
with distance (Fig. 5A). When the effects of the nonlinear dose response curve 
were included, the response was found to decay roughly as expected for a space 
constant of 2 J.Jm (thick curve; see below). The response of cheZ filamentous 
cells decayed more slowly with distance (Fig. 5B), roughly as expected for a 
space constant of 6 J.Jm (thick curve; see below). 
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DISCUSSION 
Our principal findings from iontophoretic stimulation of filamentous cells 
(Fig. 1) are as follows. ( 1) E. coli does not have a long range chemotactic 
signaling system. Pulse stimuli applied within a few microns of the cell surface 
about 30 JJm away from a flagellar motor did not affect its rotational bias (Fig. 
2). (2) E. coli does have a short range chemotactic signaling system. Step 
stimuli applied within about 10 JJm of a flagellar motor at the end of a cell were 
more effective when applied near the cell surface than off the end of the cell 
(Fig. 3, Table 2). (3) The range of this signal is substantially smaller with cheRB 
cells than with cheZ cells (Fig. 5). These findings are consistent with our earlier 
observations that correlations in bias fluctuations of motors on the same cell 
have a range of at most a few microns (33). They suggest that these fluctuations 
are, in fact, due to variations in strength of a chemotactic signal. 
Nature of the chemotactic signal. Our results rule out signaling by changes 
in membrane potential. Such changes have a long range which can be estimated 
from the specific resistances of the cell membrane and cytoplasm (4). The 
specific resistance of the cytoplasmic membrane of E. coli is at least 2000 
ohm-cm2 (25). The specific resistance of the cytoplasm of E. coli is not known, 
but that for the squid giant axon is about 60 ohm-cm (4). The space constant 
(the distance over which changes in membrane potential decrease by l/e) for a 
cell 0.5 µm in diameter having these specific resistances is 205 µm. If the 
specific resistance of the cytoplasm were actually 10 times larger, the space 
constant would still be 65 JJm, much greater than the range that we have 
observed for the chemotaxis signal. This does not contradict the observation 
that changes in membrane potential affect the flagellar motors of E. coli (35, 44) 
or rule out the possibility that such changes are used for signaling in other 
species, such as Spirochaeta aurantia (25, 26) or Spirillum volutans (36). 
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However, chemotactic responses of E. coli to aspartate are not mediated by any 
such long range signaling system. 
Simple release or binding of a small molecule (such as Ca++) when 
attractant is bound to receptor also is unlikely as a signaling mechanism. With 
such a mechanism, the signal would simply diffuse away from the point of 
release: the initial change in bias of nearby markers would decline, and the bias 
of distant markers would increase. This was not observed when cheRB 
filamentous cells were given step stimuli lasting 30 s; the biases of markers 
about 4 um from the pipette shifted rapidly and remained high for this period, 
while the biases of markers 7 um away remained low. Since a molecule of 
diffusion coefficient D can diffuse in one dimension a mean-square distance x2 in 
time t = x2 /20, a signal molecule of this kind would remain localized within 3 um 
for 30 s only if its diffusion coefficient were smaller than about D = 1.5 x 10-9 
cm2 /sec. This is several hundred times smaller than the diffusion coefficient of, 
say, Ca++ in axoplasm (31). 
To account for the kind of decay shown in Fig. 5 (or found for the bias 
correlation ratio described earlier, 33) the signal must be inactivated as it moves 
away from its point of origin, either by conversion to some inert form or by 
transport out of the cell. The smaller the signal's diffusion coefficient and the 
higher its rate of inactivation, the shorter the range. A model for diffusion with 
decay is discussed in the Appendix. The decay length of such a signal (the range 
for an e-fold diminution) is the square root of the ratio of the diffusion 
coefficient and the inactivation rate constant (or of the product of the diffusion 
coefficient and the signal decay time). 
These considerations allow us to rule out signaling by diffusion of the 
receptor-attractant complex. The decay time of the receptor-aspartate complex 
can be estimated from its dissociation constant (6 uM for Salmonella 
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typhimurium, which has the same sensitivity to aspartate as E. coli; 19) and from 
the on rate constant, which for small ligands is typically in the range 107 to 
108 M- ls -l (18). This gives an off rate constant for asparta te of 60 to 600 sec - l, 
or a decay time of the complex of about 20 to 2 ms, respectively. Maximum 
values of diffusion coefficients of membrane proteins are about 10-8 cm 2 /s (42), 
yielding a decay length of 0.13 iini or less. This is much smaller than the range 
that we observed with cheZ cells. In addition, there is no evidence in E. coli that 
transducers are this closely associated with the flagellar motors (23). 
As noted in the Introduction, it is generally agreed that binding of 
attractant to transducers changes the level of a signal that affects the rotational 
bias · of the flagellar motors, and that methylation of transducers returns this 
level to its prestimulus value ( 17, 30, 49, 56, 61). We favor an hypothesis in 
which the signal is a molecule that diffuses through the cytoplasm and raises the 
CW bias of the motor. If inactivation of this molecule were enhanced by the 
cheZ. gene product, a possibility suggested by P. Engstrom (22), then cheZ cells 
would have responses with slower kinetics than wild-type (or cheRB) cells, as 
observed in measurements of response latencies and impulse responses (16, 57; 
compare the rise and fall times of the cheZ and cheRB step responses shown in 
Fig. 3). This also would explain why the signal has a longer range in the cheZ 
cells: the decay time is about 10 times longer in cheZ cells than in wild-type 
cells, so the decay length should be l 0 times as long, which is rough! y the 
factor that we observed. According to this model, cheZ mutants have a strong 
CW bias because they have a higher concentration of signal: the signal shifts the 
bias CW. Since strains lacking transducers are CCW biased (53), the transducers 
appear to be involved in the synthesis of the signal. Furthermore, since addition 
of attractant shifts the bias CCW, generation of the signal must be depressed 
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when the transducer binds attractant. Methylation then returns the activity of 
the signal-generation site to its initial value. 
An estimate of the diffusion coefficient of the signal can be made from 
measurements of signal decay times (3 s in cheZ cells, as deduced from 
measurements of step response kinetics) and decay lengths (about 6µm in cheZ 
cells, Fig. 5B), which give D "' 10-7 cm2/s. An estimate of the size of the signal 
molecule can be made given the viscosity of the cytoplasm. Estimates of this 
parameter for E. coli range from 5 to more than 10 times the viscosity of water 
(J. E. Tanner, 64, and private communication; 34), implying a diffusion 
coefficient for the signal molecule in water of 5 x 10-7 to 10-6 cm2/s. This 
range of diffusion coefficients corresponds roughly to those for globular proteins 
in the molecular weight range 80,000 to 10,000 daltons (18). Unfortunately, this 
estimate of molecular weight is very sensitive to the size of the diffusion 
coefficient. There is enough uncertainty in the above analysis, including the 
measurements of cytoplasmic viscosity, that we cannot rule out the possibility 
that the signal is a small molecule, perhaps one that binds to larger molecules in 
the cytoplasm or on the cell membrane, and thus, undergoes buffered diffusion. 
If the signal is a protein that is reversibly modified, an obvious candidate would 
be one or more of the chemotaxis-related gene products for which there is no 
known function, such as cheA (68,000 daltons), cheW (15,000 daltons) or cheY 
( 11,000 daltons; 48). The suggestion that a complex of the cheB and cheZ 
proteins is the signal (46) is unlikely to be correct (J. S. Parkinson, private 
communication), since cheRB deletion strains still respond to attractants. 
Strains carrying defects in the cheA, cheW or cheY genes are extremely CCW-
biased, as would be expected if one of the missing gene products were a signal 
that decreases the CCW bias (46). Since the cheY gene is in the same operon as 
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the tar, tap cheR, cheB and cheZ genes and is expressed at a higher level (20), it 
is currently the strongest candidate for such a signal. 
We note, finally, that a signaling system with a short range is quite 
reasonable for E. coli, which is normally less than 3 µm long. It is more 
important for such a cell to be able to respond quickly (to have a signal with a 
short decay time) than to signal over a long range (to have a signal with a long 
decay length). On the other hand, by using a signal that can diffuse a few 
microns before being inactivated, the cell can both couple inputs from receptors 
of the same kind, improving the precision with which it measures concentrations 
(13), and integrate inputs from receptors of different kinds (3, 14, 65). 
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APPENDIX 
Signaling by diffusion with decay. This model assumes that an internal 
chemotactic signal is generated by the transducers at a rate that varies with the 
local external attractant concentration and decays throughout the cell at a rate 
proportional to the signal concentration. A filamentous cell is modeled as a 
linear structure that does not change the concentration of attractant in its 
neighborhood. The time-independent diffusion equation for this model is 
Dd2S/dx2 - kdS = kp(A), ( 1) 
where D is the diffusion coefficient of the signal molecule, S is its 
concentration, x is the position along the filamentous cell, kd is the first order 
rate constant for inactivation of the signal molecule, and kp is the rate constant 
for its production, which depends on the attractant concentration, A. Note that 
both S and A are functions of x. Eq. (1) implies that the concentration of signal 
molecules produced at one point in the cell decays as exp(-x/(D/kd)112), where x 
is the distance from that point. The decay length is (D/kd)1/ 2. To calculate the 
total concentration of S at a particular point in the cell, one sums the 
contributions from all the points at which S is produced, taking into account the 
boundary conditions at the ends of the cell, i.e., the Green's function for Eq. (1) 
is determined, multiplied by kp, and then integrated over the length of the cell 
( 41 ). 
The problem then reduces to determining the dependence of flagellar bias 
on S and of kp on A. The best that can be done at this stage is to use the dose 
response curves shown in Fig. 4. Since the dose response curve for cheZ 
filamentous cells is reasonably linear, this procedure is likely to be valid for 
these cells. In these experiments, A is much smaller than the dissociation 
constant of the receptor, so the rate of production of S is proportional to A 
under the assumption that kp depends linearly on the fraction of receptor 
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occupied. We assume, as well, that the change in bias depends linearly on S. For 
the cheRB cells, we assume that the threshold occurs in the dependence of kp on 
A, not in the dependence of bias on S--the result is about the same if the 
threshold is assumed to occur in the dependence of bias on S. The thick curves 
shown in Fig. 5 were computed from the model with these assumptions. 
One assumption made in formulating this model is that the rate of 
production of S is independent of S. This is reasonable if S is a small molecule 
that is synthesized de novo, but it might not be correct if S is a protein that is 
cycled between a signaling and an inactivated state. The only alteration to 
Eq. (1) would be the addition to kd of a term dependent on A, so that kd would no 
longer be constant. Such an alteration would increase the rate of destruction of 
S and shorten the signaling space constant, and thus strengthen our argument 
against the membrane receptor serving as the signal. 
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bstrain HB203 by growth at 42°C; other strains by growth in the presence of cephalexin. 
cNearly 100% CCW. 
dNot determined. 
esometimes CCW, sometimes CW, depending on the preparation. 
fsomewhat lower than strain RP2867. 
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TABLE 2. Changes in rotational bias of motors at the ends of filamentous cells 
in response to step stimuli of aspartate applied on or off the cell 
Cone. in Step Step Distance Differenced 
Cella pipette amplitude duration Pi petteb to marker Number Responsec on-off 
no. (rnM) (nA) ( s) position (µm) of trials mean std. error (%) 
2 -50 60 on 4.5 2 0.45 0.05 18 
off 3.2 l 0.37 
2 2 -50 60 on 2.4 3 0.33 0.05 6 
off 2.7 3 o. 31 0.08 
3 2 -30 60 on 2.8 6 0.33 0.05 24 
off 3.1 4 0.25 0.07 
-30 60 on 4.8 3 0.13 0.08 46 
off 4.8 1 0.07 
4 0.2 -49 12 on 6.2 3 0.84 0.04 33 
off 5.5 2 0.56 0.09 
-47 12 on 6.2 5 0.83 0.02 64 
off 5.5 5 o. 30 0.04 
5 0.2 -20 12 on 6.3 7 0.56 0.05 91 
off 5.9 5 0.05 0.06 
-19 12 on 6.3 5 0.43 0.09 100 >->-
off 5.9 3 -0.09 0.02 00 
6 Ii. l -50 40 on 8.3 3 0.80 0.03 38 
off 9.5 3 0.50 0.12 
40 on 16 .5 2 0.56 0 . 09 48 
off 18.4 2 0.29 0.11 
7 0.2 -13 60 on 9.4 5 0.29 0.06 17 
off 9.7 5 0.24 0.03 
8 0.2 -17 12 on 6.7 4 0.12 0.02 33 
off 6.5 4 0.08 0.03 
-15 12 on 6.7 3 0.11 0.01 100 
off 6.5 3 o.oo 0.06 
9 0.2 -8 21 on 5.4 16 0 . 33 0.05 52 
off 5.1 16 0.16 0.02 
on 9.5 10 0.20 0.03 55 
off 11.2 15 0.09 0.03 
10 0.2 -10 12 on 6.9 7 0.48 0.06 20 
off 5.3 7 0.40 0.08 
aCells l to 5 were cheRB (l to 3 strain HB238, 4 and 5 strain HB241) >27 µm long with markers <l µm from the 
end spinning >8 Hz. Cells 6 to 10 were cheZ (strain HB254) >18 µm long with markers <3 µm from the end 
gpinning >4 Hz. 
On or off the cells, as illustrated in Fig. lC. 
cChange in rotational bias: mean value during the step less the mean value for 20 to 30 s before and after 
the step. The steps were spaced about l min apart. 





FIG. l. Schematic illustration of different modes of iontophoretic stimulation of 
filamentous cells carrying flagellar markers. (A) Pulse stimulation with the 
pipette close to the cell surface either near the marker or far away. (B) Large 
step stimulation with the pipette close to the cell surface different distances 
from the marker. (C) Small step stimulation with the pipette close to the cell 
surface or far away at about the same distance from the marker. (D) As C but 
at more than one distance from the marker . Scale: the marker in A is 20 i.im 














FIG. 2. Responses of wild-type cells for chemotaxis to brief pulses of 
L-aspartate (A) when the tip of the pipette was near the surface of a filamentous 
cell (strain HB203, flaE hag ftsQ) either near the marker (thick curve) or far 
away (thin curve) and (B) when the tip of the pipette was near a normal tethered 
cell (strain AW405). The stimuli were given at 5 sec (vertical lines). All data 
were smoothed so that each point of a curve represents the average bias in a 
0.1 s interval centered at that point (A). In all cases the pipette was within 4 \.lm 
of the cell surface. Pipettes containing 1 mM L-aspartate or 3.3 mM 
a-methylaspartate were placed near (less than 5 \.lm in 4 cases, 15 \.lm in one case) 
or far (27 to 40 \.lm) from a marker and pulses 20-62 ms long and -50 or -100 nA in 
amplitude were delivered. Pulses of the same duration and amplitude were used 
at either position on a given cell. Responses obtained when the pipette was near 
the marker (81 stimuli) or far away (93 stimuli) were obtained by averaging data 
from 5 cells. (B) The impulse response for strain AW405 was obtained by 
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FIG. 3. Change in rotational bias of motors at the ends of filamentous cells to 
small step changes in concentration of aspartate applied on the cells (thick 
curves) or off the cells (thin curves) for a cheRB cell (A) and a cheZ cell (B). All 
data were smoothed, so that each point on a curve represents the average bias in 
a 2 s interval centered at that point. (A) Cell no. 5, Table 2. The current was on 
from 20 to 32 s (bar); 12 and 8 responses were averaged to generate the thick and 
thin curves, respectively. (B) Cell no. 9, Table 2, with the pipette at the 
positions closer to the marker. The current was on from 30 to 51 s (bar); 16 











0 20 40 60 80 
Time (s) 
126 
FIG. 4. Dose-response curves of cheRB filamentous cells (A) and cheZ 
filamentous cells (B). For each cell, the change in bias (Tab le 2, note c) 
generated by a given current or at a given position was averaged and scaled to 
the mean response to the largest stimulus given. The stimulus amplitudes were 
scaled to the largest stimulus amplitude. The error bars are the standard errors 
in each normalized response (including the uncertainty due to the standard error 
in the mean response to the largest stimulus). The different symbols identify 
different cells (6 in A, 1 strain HB238 and 5 strain HB241, and 8 in B, strain 


























0.2 0.4 0.6 0.8 1.0 
Normalized stimulus 
128 
FIG. 5. Distance dependence of the chemotactic signal in cheRB filamentous 
cells (A) and cheZ filamentous cells (B). For each cell, the change in bias (Table 
2, note c) generated by a fixed stimulus at a given position was averaged and 
scaled to the mean response obtained at the position of closest approach. The 
error bars are the standard errors in each normalized response. Since the 
position of closest approach varied from cell to cell, the distance for this 
position was scaled to 4 \.Im (roughly the mean value), and the other distances for 
the same cell were scaled by the same factor (so that their ratios remained 
constant). The thin curves are the predicted dependence of change in bias on 
distance if the response is determined solely by the concentration of attractant 
in the external medium at the marker in the manner specified by the dose 
response curves of Fig. 4. The thick curves are the predicted dependence for 
signaling by diffusion with decay, computed as described in the Appendix, for 
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A comment concerning the nature of the signal. My personal preference at 
this time is that the signal is a protein or a group of proteins. This preference is 
inspired by the embarassing wealth of che gene products with unknown 
functions. The choice of cheY as the "strongest candidate" was intended to be 
provocative. The type of reversible modifications that a protein signal could 
undergo might range from phosphorylation to exchange of GDP for GTP, with 
subsequent hydrolysis of the GTP (Stiles et al., 1984). 
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Chapter VI 
SUMMARY AND SPECULATIONS 
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Summary. In this thesis I have described my studies of bacterial chemotactic 
responses using iontophoretic stimulation. The first chapter discussed initial 
measurements of the maximal rates of bacterial responses. The second and third 
chapters described more sophisticated measurements using impulse and step 
stimuli. The fourth and fifth chapters presented the studies of the responses of 
filamentous cells and included was a rough model of how some of the che gene 
products might be involved in the generation of chemotactic responses. 
Production of the impulse response. A more speculative analysis of the kinetics 
of the impulse response might shed some light on the nature of the system 
generating the impulse response. The fourier transform of the attractant 
impulse response (Text-figure 6B) has a broad peak centered at about 0.28 Hz, 
with a slope of +l (units log1o<response)/log1o(frequency)) at low frequencies and 
a slope of about -2.5 at high frequencies. These slopes can be interpreted in 
terms of linear filters, with positive slopes corresponding to high pass filters 
(differentiators) and negative slopes corresponding to low pass filters 
(integrators). The fourier transform in Text-figure 6B could then be interpreted 
as a single high pass filter in series with 3.5 low pass filters (3.5 because one of 
the high pass filters is canceled by the low pass filter). 
Contributing to the low pass filters in the impulse response is the switching 
speed of the flagellar motor. The exponential distributions of CW and CCW 
interval lengths suggest that the motor can be represented as a two-state system 
(Text-figure 2; Block et al., 1983); the motor can either be in a CW or CCW 
state, and the rates of switching between these two states are determined by 








The rate at which the CCW bias of the motor can change is limited by the values 
of these rate constants. For example, suppose that the rate constants are both 
equal to 1 per sec. At steady-state, the bias of the motor is 0.5. However, if 
the value of kcw is changed to 9 per second, then the bias of the motor changes 
to the new steady-state value (0.9) with a rate constant of (kcw + kccw) = 10 per 
second. It does not instantaneously switch to the new steady state bias value. 
As a result, high frequency changes in these rate constants are filtered by the 
rate at which the motor changes its bias (which in turn depends on the values of 
the rate constants). This complex situation can be simplified by studying the 
"instantaneous" bias of the motor; the value that the bias would have if the 
system were allowed to go to steady-state with no further change in the values 
of the rate constants - bias = kcw/(kcw + kccw>· The rate constants can be 
estimated from the impulse response data, as described in Text-figure 14, which 
allows one to calculate the ''bias signal" that the motor is receiving as a function 
of time. Text-figure 14B shows the bias signal that the motor is receiving during 
the attractant impulse response. This signal has faster kinetics than the impulse 
response, since it is now not filtered by the motor. However, it is also saturated, 
going to 1.0 (the maximum possible value) during the early portions of the 
impulse response, and dropping to 0.0 at later times. The points at 0.0 are 
probably not significant - very few reversals occurred at these times, resulting in 
very large uncertainties in the estimates of the bias. This is again a reflection 
of the response being saturated - most of the cells were rotating in the CCW 
direction, so that if one or two reversals occurred, they were likely to be 
changes in direction from CCW to CW. The fourier transform of the fit to the 
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Text-figure 14. Bias signal of wild type attractant impulse response 
A. Wild type attractant impulse response. The thick line is the portion of 
the wild type attractant impulse shown in Text-figure 4- that occurs in the time 
interval from 5 to 12 seconds. The thin line is the fit in Text-figure 4-. 
B. Bias signal of A. The dots represent the bias signal calculated from the 
data in A and the smooth line is the fit of a sum of six exponentials plus a 
constant to the data occurring after 5.06 seconds. The rate constants kcw and 
kccw were calculated from the data represented in A, by counting the number of 
CW-to-CCW transitions (for kcw> and CCW-to-CW transitions (for kccw> in a 
0.05 second interval and dividing by the average fraction of cells rotating CW 
(for kcw> or:: CCW (for kccw>· These ratios were then divided by the bin size. 
The bias signal was then calculated as kcw/(kcw + kccw> and plotted every 0.02 
seconds. The fit to the data weighted each point equally (ignoring 0.0 values). 
One of the amplitude terms was constrained so that the value of the sum of the 
exponentials at 5.06 seconds (the start of the pulse) was equal to 0.0. A second 
amplitude term was constrained so that the areas of the curves above and below 
the baseline were equal. The amplitudes and rate constants (units of per second) 
for four exponentials were 76. 9, 3.56; -89.0, 4-.86; -28.7, 2. 91; 36.2, 5.7. The 
rate constant for the amplitude that constrained the value at 5.06 to be equal to 
the baseline was 4-.38. The value of the rate constant for the amplitude that 
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bias signal in Text-figure 14B has a slope of -2.0 (not shown), showing that part 
of the original impulse response kinetics is due to the switching kinetics of the 
motor (as is evident in Text-figure 14). 
The rest of the kinetics of the impulse response (those shown in the bias 
signal) must be due to the biochemical mechanisms that produce the signal, and 
possibly due to other delays in the motor response about which we know 
nothing. Again the fourier transform provides a clue concerning these 
mechanisms. The limiting slopes of the fourier transform of the bias signal 




s 3 + as2 + bs + c 
where s is the Laplace transform variable, and a, b, and c are constants (Cannon, 
1967). This transfer function suggests, in turn, that the time evolution of the 
bias signal can be described by a third order differential equation: 
where B(t) is the value of the bias as a function of time, and a, s, y, and 6 are 
constants. Such a differential equation could describe the behavior of a system 
which involves three biochemical reactions. Each individual reaction can be 
approximated by a first order linear differential equation, if the enzyme 
catalyzing the reaction is unsaturated and if each term in the equation is 
linear. For example, the model described in the appendix of Chapter 5 proposes 
that a signal is generated by the MCP's and destroyed by the cheZ gene 
product. The differential equation describing this process was 
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dS/dt = km - k2 S 
where S is the signal, km is the rate of production of S (decreased by binding of 
attractant), and k2 the rate of inactivation. A second equation that is important 
for the chemotaxis system is the equation describing how methylation increases 
the rate of production of S (increases if S is a CW signal). For example, this 
process could be modeled by 
where kr is a rate constant determining the rate of methylation or demethylation 
of the MCP's, depending on how far S is from some steady state value (50 ). 
Together, these two equations would give rise to a second order linear 
differential equation. Including a third process, possibly another intermediate 
which is generated by Sand which then affects the bias of the motor, should then 
be sufficient to model the impulse response of the system to the level of 
accuracy demonstrated by the fits in Text-figure 14. 
It is possible that the third low pass process is an artifact, due to the size 
of the pulses used to stimulate the cell. Although pulse lengths were generally 
short, the decay of concentration after the end of the pulse follows the kinetics 
of the diffusion equation. From a rough calibration of all the pulses used to 
generate the attractant impulse response (based on the calibration described in 
Chapter III), I estimate that .4 % of the receptors are still occupied about 0.3 
seconds after the start of the pulse. To rule out this possibility, one should 
repeat the measurement of the impulse response without using saturating 
stimuli, so that the peak bias value is never 1, unlike the plot in 
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Text-figure 14B. The impulse response when a-methylaspartate was added to the 
bath appeared to be more rapid, although still saturated. I would recommend 
using those conditions and lower concentrations of a-methylaspartate in the 
pipette. An argument against this possibility can be made using the bias signal 
of the repellent impulse response (Text-figure 15). Although the kinetics are 
slightly faster than those of the attractant signal, and although the response is 
not saturated, the fourier transform still suggests that there are 3 low pass 
filters (slope at high frequencies about -1.9, data not shown). 
Other possible explanations for the third process include the following. 
First, although it is obvious that the two processes described above--generation 
of the signal and adaptation · through methylation--must be involved in the 
kinetics of the impulse response, the equations used above could easily be 
wrong. It is possible that a nonlinear version of the equations could fit the 
data. Alternatively, the kinetics of the binding and unbinding of the signal to the 
motor might be slow enough to be responsible. This is especially likely if the 
signal is a protein, with a concentration in the micromolar range. It is possible 
that the latencies to large attractant and repellent stimuli described in Chapter I 
(0.2 and 0.1 seconds) reflect the rates of unbinding and binding of a CW signal 
molecule combined with the rate of turnover of that molecule. 
Interaction of the Signal with the Motor. It is important to keep in mind that the 
bias signal or bias need not be linearly related to the concentration of some 
intracellular signal. This will be true especially at high or low values of the 
bias. Since it is likely that binding of the signal to the motor produces a change 
in bias, saturation of binding at high concentrations of the signal will distort any 
estimates of concentration made from studying the bias. 
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Text-figure 15. Bias signal of wild type repellent impulse response 
A. The portion of the wild type repellent impulse response shown in Text-
figure 7 that occurs between 5 and 12 seconds. 
B. The bias signal (dots) calculated as described m the legend to Text-
figure 14. The smooth curve was a sum of six exponentials plus a constant fit to 
the data as described in Text-figure 14. The fit values of the amplitudes and 
rate constants for 4 exponentials were -1.32, 2.03; -52.0, 6.60; 351.1, 6.75; 1.19, 
1.41. The rate constant for the exponential whose amplitude was constrained so 
that the sum of the exponentials was equal to 0.0 at 5.06 seconds was 6.72. The 
rate constant for the exponential whose amplitude was constrained so that the 
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A simple model (based on one described by Hanke and Miller, 1983), 
describing how the bias might depend on signal concentration is outlined below. 
kcw 





The signal, S, can bind to the motor when the motor is rotating either CW or 
CCW. Binding of the signal alters the rates of switching both from CCW to CW 
and vice versa. This is true because both CCW and CW rates vary during the 
impulse response (Block et al., 1982) and because the latencies to attractant and 
repellent stimuli are shorter than the unstimulated CW and CCW interval 
lengths. The exponential distributions. of CCW and CW interval lengths (Block 
et al., 1983) implies that the binding and unbinding of the signal is fast compared 
to the switching rates, although paucities of events less than 0.1 seconds might 
reflect such kinetics. Therefore the mean rate of switching from, say, CCW to 
CW is the weighted average of the rates for switching with and without signal 
bound, weighting by the fraction of time that signal is bound. Conservation of 
energy around the cycle, and the fact that a motor has to be in either a CCW or 
CW state in the system can be used to eliminate some of the free parameters. I 
have attempted to fit the dependence of the mean CW and CCW lengths on bias, 
using data of unstimulated cells from Berg and Tedesco, 1975; Segall et al., 1982; 
and Block et al., 1983. Although the results are preliminary, it appears that the 
simple model described above does not adequately fit the data, unless energy is 
151 
put into the system. This suggests that switching the direction of rotation of the 
motor might require energy. It is interesting that ATP or a related metabolite is 
required for CW rotation of the motor (Kondoh, l 980; Arai, l 98 l; Shioi et at., 
1982). This requirement appears to be in the generation of the signal reaching 
the motor, since ATP is not required for CW rotation of tethered cheV envelopes 
(Ravid and Eisenbach, l 984). 
More complex models involving cooperative binding of several molecules of 
S could also be modeled. My initial model as to how the binding of S would 
affect motor switching rates was inspired by the thought that binding and 
unbinding of S might be extremely fast relative to rates of switching of the 
motor. My thought was that perhaps this has an averaged effect on the motor 
such that the free energy of the motor is intermediate between the value when 
the concentration of S is 0, and when the concentration is extremely high. The 
free energy would be the weighted average of the energies of the motor without 
any S bound, and with S always bound. The net effect is to alter the way the 
rate constants vary with the concentration of S, compared to the model 
described in detail above. However, at this time there are so many free 
parameters that either this model or the one described earlier can fit the data. 
Much more data concerning the range of mean CCW and CW interval lengths will 
be easily acquired when the computerized data acquisition system now being 
developed in the lab is operational. 
The mechanism of transmembrane signalling. I wish to discuss briefly possible 
mechanisms by which MCP's transmit a signal across the cell membrane. As 
described in the Introduction, the initial stage of signal generation involves, for 
example, with tar, aspartate binding to tar on the outside of the cytplasmic 
membrane, and then tar presumably generating a signal inside · the cell. How 
152 
does the inside portion of the tar molecule realize that attractant has bound to 
the outside portion? This question is relevant to membrane receptors in all 
organisms. 
Two possible mechanisms for transmembrane signalling come to mind (see 
Lauffenburger and Delisi, 1983 for a recent review). One possibility is that 
receptors that bind attractant then aggregate, in pairs or greater numbers. This 
aggregation juxtaposes the interior portions of the molecules, allowing them to 
generate a signal (Boyd et al., 1982). Such mechanisms may occur m 
lymphocytes, where capping of receptors has been noted. I favor a model in 
which aggregation of receptors is not necessary. This model was inspired by the 
amino acid sequences of the MCP's (Boyd et al., 1983; Krikos et al., 1983). 
Except for the signal sequence, there is only one putative membrane spanning 
region in the MCP molecules. Mechanisms involving relative movements of 
several membrane spanning r~gions that generate conformational changes in the 
cytoplasmic portion of the molecule are ruled out. This leaves the pleasingly 
simple possibility that the periplasmic portion of the molecule signals the 
interior portion of the molecule by pushing or pulling on the transmembrane 
region. This shift of the transmembrane region could distort the cytoplasmic 
portion of the molecule, resulting in a conformation change that generates the 
signal (or, equivalently, shuts it off). 
There is indirect evidence that m the bacterial chemotaxis system 
aggregation of receptors is not required. This evidence all relies on 
measurements of transition times--the amount of time required for the cell to 
adapt to a step increase in attractant concentration. The dependence of 
transition time on change in concentration of a-methylaspartate (Berg and 
Tedesco, 1975) implies that the transition time is linearly proportional to the 
fraction of receptors occupied. This could occur if such large numbers of MCP's 
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are activated that the methylating enzyme is saturated. The time required to 
adapt would then be the time required for the enzyme to methylate enough 
MCP's to offset the signal produced by attractant binding. Aggregation 
mechanisms should have adaptation times proportion to a power of the fraction 
of receptor occupied, with the power equal to the number of bound receptors 
that must aggregate to send a signal across the membrane. have used 
iontophoresis to deliver small step changes m concentration below the 
dissociation constant of the tar molecule, conditions under which the fraction of 
receptor bound should be linearly related to the size of the current. I find that 
transition times to small steps vary linearly with the current size of the pulse. 
Aggregation mechanisms would again go as a power of the current size. Finally, 
in a strain that overproduced the tar MCP by a factor of l 0 or more provided by 
M. Simon's group, I was able to study the responses to concentration changes 
produced by flow in the same range as was used in the iontophoresis study. This 
was possible because the transition times were abnormally longer, due 
presumably to the large increase in the number of receptors that had to be 
methylated for the cell to adapt. found again that transition times varied 
linearly with concentration. 
These results suggest that aggregation is not involved in transmembrane 
signalling, but they are indirect and rely upon measurements of transition 
times. A more direct experiment is possible because the genes have been 
cloned. Lengthening or shortening of the transmembrane region of the molecule 
should mimic pushing or pulling by the exterior portion when attractant is bound 
or released. This effect should trigger signalling just as attractant binding does, 
and in addition, methylation or demethylation of the MCP should occur in the 
absence of attractant or repellent. Thus the ideal test of this model is to 
lengthen and shorten the transmembrane region and determine whether, in the 
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absence of any other stimuli, the methylation level is altered. The only 
uncertainty is how great the shortening or lengthening of this region should be. 
An estimate can be made by estimating the difference in length between the 
region that is hydrophobic and the width of the cytoplasmic membrane, and 
altering the length of the region so that the alteration is a significant fraction of 
the difference. 
I am particularly interested in this model because of some similarities 
between this system and the 8-adrenergic receptor system. The molecular 
weight of the 8-adrenergic receptor is about 58,000 to 64,000 in several systems 
(for a review see Stiles et al, 1984). It has recently been purified, and the data 
published, although preliminary, are consistent with a unimolecular 
transmembrane signalling mechanism (Cerione et al., 1983). Finally, the link 
between the receptor and the cyclase is a set of proteins, and it is possible that 
the link between MCP's and the flagellum is also a set of proteins, as discussed in 
Chapter V. Although they are by no means compelling, I think that the 
similarities are intriguing. 
A last look at the impulse response. I wish to conclude by considering an 
intuitive (to me) interpretation of the shape of the impulse response. The 
convolution integral predicts the response of the system at time t, given the 
impulse response and the past history of stimulation: 
"' 
y(t): J h(T)x(t-T)dT 
0 
where y(t) is the response of the system at time t, h(-r) is the impulse response, 
and x(-r) is the stimulus history. A simple interpretation of this integral is that 
the response of the system at time t is a weighted average of its stimulus 
155 
history, with the weighting determined by the impulse response. Recent events 
are weighted by the early part of the impulse response and stimuli occurring 
further in the past are weighted by the later parts of the impulse response. 
Recent events are given a positive weighting by the positive lobe, and earlier 
events are given a negative weighting by the negative lobe. The combination of 
the two represents, then, a comparison of recent and past events. The widths of 
the lobes correspond to the times required to make accurate estimates of recent 
and past stimuli. The width of the positive lobe is roughly equal to the mean run 
length, so that that near the end of a typical run the cell behavior is determined 
by a comparison of events during the run with events occurring before it. The 
negative lobe decays exponentially, with a time constant (l.5 seconds) roughly 
equal to the time constant for the correlation between the present direction and 
the direction of movement of the cell in the past (l.3 seconds, using the data of 
Berg and Brown, 1972; Dahlquist et al., 1976; Macnab and Koshland, 1973). Thus 
the estimate of the earlier events is optimized for the statistical nature of 
E. coli swimming behavior. The impulse response appears to be ideally suited for 
the task that the cell must perform. 
Conclusion. This thesis is a tribute to the quality of Howard's original idea--to 
test whether long range signalling exists in E. coli. Developing the techniques 
for doing the experiment opened up the possibility for a variety of experiments 
as are described in the first four chapters. In the fifth chapter, it could be 
argued, more was learned about the nature of the signal by proving that there 
was no long range coupling! To be able to plan experiments that produce such a 
rich variety of information, even when the original hypothesis is proven wrong, is 
a gift of great value. I can only hope that I, too, will be fortunate enough to 
have such ideas in the years to come. 
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